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‹ ¡µ· Éµ·¨Ö ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨°

�¡¸Ê¦¤ ÕÉ¸Ö É·¨ µ¸´µ¢´ÒÌ ³¥Éµ¤  µ¡· ¡µÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ,  ±É¨¢´µ ¨¸¶µ²Ó-
§Ê¥³ÒÌ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¢ �¡Ñ¥¤¨´¥´´µ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°: ·µ¡ ¸É´Ò¥ ³¥Éµ¤Ò
³ É¥³ É¨Î¥¸±µ° ¸É É¨¸É¨±¨, ¨¸±Ê¸¸É¢¥´´Ò¥ ´¥°·µ´´Ò¥ ¸¥É¨, ±²¥ÉµÎ´Ò¥  ¢Éµ³ ÉÒ ¨ ¢¥°¢²¥É-
 ´ ²¨§. �¡§µ· ¸¤¥² ´, £² ¢´Ò³ µ¡· §µ³, ¶µ · ¡µÉ ³, ¢Ò¶µ²´¥´´Ò³ ¸ ÊÎ ¸É¨¥³ ¸µÉ·Ê¤´¨±µ¢ ‹ -
¡µ· Éµ·¨¨ ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨°, ¢ Éµ³ Î¨¸²¥ ¨ ¢ · ³± Ì ³¥¦¤Ê´ ·µ¤´ÒÌ ±µ²² ¡µ· Í¨°
¸ ±·Ê¶´Ò³¨ Ë¨§¨Î¥¸±¨³¨ Í¥´É· ³¨: CERN, DESY, BNL ¨ ¤·. �¢Éµ·Ò ¶µ¸É · ²¨¸Ó ¤µ¸É ÉµÎ´µ
¶µ¤·µ¡´µ µ¸¢¥É¨ÉÓ µ¸´µ¢´Ò¥ ¶µ´ÖÉ¨Ö µ¡¸Ê¦¤ ¥³ÒÌ ³¥Éµ¤µ¢ ¨ ¶·¨¢¥¸É¨ ´ ¨¡µ²¥¥ ¶µ²¥§´Ò¥ ¨
¶¥·¸¶¥±É¨¢´Ò¥ ¶·¨³¥·Ò ¨Ì ¶·¨³¥´¥´¨Ö.

In the given survey three basic methods of experimental data processing are considered which
are intensively used during last decade at the Joint Institute for Nuclear Research, namely: robust
methods of mathematical statistics, artiˇcial neural networks, cellular automata and wavelet analysis.
The main source of survied papers is those that have been elaborated by authors from Laboratory
of Informational Technologies, as well as works developed in collaborations with famous physical
centres as CERN, DESY, BNL, etc. The authors described the basic principles of discussed methods
and gave most useful and promising examples of their applications.

‚‚…„…�ˆ…

„µ¸É¨¦¥´¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¢ ¶µ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö ¢Ò§¢ ²¨ ´ -
¸ÉµÖÐ¨° ¶¥·¥¢µ·µÉ ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° (”‚�),
¶¥·¥Ï¥¤Ï¥° ± ±µ²² °¤¥·´Ò³ Ê¸±µ·¨É¥²Ö³ ´  ¢¸É·¥Î´ÒÌ ¶ÊÎ± Ì ¢ ÉÔ¢´ÒÌ
µ¡² ¸ÉÖÌ Ô´¥·£¨°, É ±¨³ ± ± Ê¦¥ ¤¥°¸É¢ÊÕÐ¨° RHIC (BNL) ¨²¨ ¶µÎÉ¨ £µÉµ-
¢Ò° ± § ¶Ê¸±Ê LHC ¢ CERN. ‘µµÉ¢¥É¸É¢¥´´µ ± ·¤¨´ ²Ó´µ ¸³¥´¨²¨¸Ó É¥Ì´¨± 
¨ É¥Ì´µ²µ£¨Ö ¤¥É¥±É¨·ÊÕÐ¨Ì ±µ³¶²¥±¸µ¢, ¨¸¶µ²Ó§ÊÕÐ¨Ì ¶µ¸²¥¤´¨¥ µÉ±·Ò-
É¨Ö ¢ µ¡² ¸É¨ Ô²¥±É·µ´´ÒÌ É¥Ì´µ²µ£¨°, · ¸¶·¥¤¥²¥´´ÒÌ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ¸¨-
¸É¥³ ¨ ·¥§Ê²ÓÉ ÉÒ ¢ ¶·µ£· ³³¨·µ¢ ´¨¨, ¸¢Ö§ ´´Ò¥ ¸ ¶¥·¥Ìµ¤µ³ ± µ¡Ñ¥±É´µ-
µ·¨¥´É¨·µ¢ ´´µ° ¸É·Ê±ÉÊ·¥ ¶·µ£· ³³ ¨ ¢§·Ò¢´Ò³ · ¸¶·µ¸É· ´¥´¨¥³ ˆ´É¥·-
´¥É . �Ö¤ ¤¥°¸É¢ÊÕÐ¨Ì ¨ ¶·µ¥±É¨·Ê¥³ÒÌ ±·Ê¶´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¢ ”‚�,
¶·µ¢µ¤¨³ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ ¢¥¤ÊÐ¨Ì ³¨·µ¢ÒÌ ¨¸¸²¥¤µ¢ É¥²Ó¸±¨Ì ¨´-
¸É¨ÉÊÉ Ì Ö¤¥·´µ° Ë¨§¨±¨, ¢Ò¶µ²´ÖÕÉ¸Ö ¢ ¸µÉ·Ê¤´¨Î¥¸É¢¥ ¸ �¡Ñ¥¤¨´¥´´Ò³
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¨´¸É¨ÉÊÉµ³ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¢ „Ê¡´¥. Œµ¦´µ Ê¶µ³Ö´ÊÉÓ É ±¨¥ Ô±¸¶¥-
·¨³¥´ÉÒ, ± ± NA45/CERES, COMPASS, CMS, ATLAS (CERN), STAR (BNL).
�´¨ ´ ¶· ¢²¥´Ò ´  ¨¸¸²¥¤µ¢ ´¨¥ Î·¥§¢ÒÎ °´µ ·¥¤±¨Ì Ö¢²¥´¨°, ¶·¥¤¸± § ´-
´ÒÌ ¸µ¢·¥³¥´´Ò³¨ Ë¨§¨Î¥¸±¨³¨ É¥µ·¨Ö³¨: ´ ·ÊÏ¥´¨¥ Ô²¥±É·µ¸² ¡µ° ¸¨³-
³¥É·¨¨, ±¢ ·±µ¢Ò¥ ¨ ²¥¶Éµ´´Ò¥ ¸É·Ê±ÉÊ·Ò ¨ É. ¤. ‚ ¸µ¸É ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´-
Éµ¢ ¢Ìµ¤ÖÉ ¸µ¢·¥³¥´´Ò¥ Ô²¥±É·µ´´Ò¥ ¤¥É¥±Éµ·Ò: ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥, ¢·¥³Ö-
¶·µ¥±Í¨µ´´Ò¥, ¸¨²¨±µ´µ¢Ò¥ ± ³¥·Ò, ¤·¥°Ëµ¢Ò¥ É·Ê¡±¨, RICH-¤¥É¥±Éµ·Ò ±µ-
²¥Í Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¨ · §²¨Î´Ò¥ ± ²µ·¨³¥É·Ò. �¶·¥¤¥²ÖÕÐ¨³¨
¶·¨§´ ± ³¨ ¤ ´´ÒÌ, ¶µ¸ÉÊ¶ ÕÐ¨Ì ¸ ÔÉ¨Ì ¤¥É¥±Éµ·µ¢, Ö¢²ÖÕÉ¸Ö:

• ¤¨¸±·¥É´Ò° Ì · ±É¥· ¨ ¸²µ¦´µ¸ÉÓ É¥±¸ÉÊ·Ò · ¸¶µ§´ ¢ ¥³ÒÌ µ¡· §µ¢;
¢Ò¸µÎ °Ï¨¥ É¥³¶Ò ¶µ¸ÉÊ¶²¥´¨Ö ¤ ´´ÒÌ;

• ¶·¥¢ÒÏ¥´¨¥ ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ Î¨¸²  Ëµ´µ¢ÒÌ ¸µ¡ÒÉ¨° ´ ¤ Î¨¸²µ³
¶µ²¥§´ÒÌ ¢ Ê¸²µ¢¨ÖÌ, ±µ£¤  ¶¥·¢Ò¥ ¶µ ¸¢µ¥³Ê Ì · ±É¥·Ê ¡²¨§±¨ ±µ ¢Éµ·Ò³;

• ¢Ò¸µ±¨° Ê·µ¢¥´Ó ¨ ±µ··¥²¨·µ¢ ´´µ¸ÉÓ ÏÊ³µ¢ÒÌ µÉ¸Î¥Éµ¢;
• ¡µ²ÓÏ Ö ³´µ¦¥¸É¢¥´´µ¸ÉÓ µ¡Ñ¥±Éµ¢ (¸²¥¤µ¢ Î ¸É¨Í: É·¥±µ¢, ±µ²¥Í Î¥-

·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö, ²¨¢´¥°), ¶µ¤²¥¦ Ð¨Ì · ¸¶µ§´ ¢ ´¨Õ ¢ ± ¦¤µ³ ¸µ¡Ò-
É¨¨;

• ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ¸²µ¦´µ³ ³´µ£µ¶ · ³¥É·¨Î¥¸±µ³ ¶·¥µ¡· §µ¢ ´¨¨ ¤¨¸-
±·¥É´ÒÌ ¤ ´´ÒÌ ¤¥É¥±Éµ·µ¢ ¢ ¸É ´¤ ·É´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É. �µ¸±µ²Ó±Ê
± ¦¤Ò° ¤¥É¥±Éµ· Ö¢²Ö¥É¸Ö ¸¨¸É¥³µ°, ¸µ¡¨· ¥³µ° ¨§ ³´µ£¨Ì ±µ³¶µ´¥´É, ¨Ì
¢§ ¨³´µ¥ · ¸¶µ²µ¦¥´¨¥ ³µ¦¥É ¡ÒÉÓ ´ ·ÊÏ¥´µ ¶·¨ ¸¡µ·±¥, ÎÉµ ¢¥¤¥É ± ¸¨-
¸É¥³ É¨Î¥¸±µ³Ê ¨¸± ¦¥´¨Õ ·¥£¨¸É·¨·Ê¥³ÒÌ ¤ ´´ÒÌ. �¶·¥¤¥²¥´¨¥ ¨ ±µ³-
¶¥´¸ Í¨Ö ÔÉ¨Ì ¨¸± ¦¥´¨° ³ É¥³ É¨Î¥¸±¨³ ¶ÊÉ¥³ (ÔÉ  ¶·µÍ¥¤Ê·  ´ §Ò¢ ¥É¸Ö
® ² °´³¥´É¯ (alignment Å ¤µ¸²µ¢´µ: ¢Ò· ¢´¨¢ ´¨¥)) Å µ¡Ö§ É¥²Ó´µ¥ Ê¸²µ-
¢¨¥ ¶· ¢¨²Ó´µ° µ¡· ¡µÉ±¨, Î·¥§¢ÒÎ °´µ µ¸²µ¦´Ö¥³µ° ¶·¨´Í¨¶¨ ²Ó´µ° ´¥-
¢µ§³µ¦´µ¸ÉÓÕ ¨³¥ÉÓ ± ±µ°-²¨¡µ ÔÉ ²µ´´Ò° µ¡Ñ¥±É ¤²Ö Ë¨±¸ Í¨¨ ¢µ§³µ¦´ÒÌ
¨¸± ¦¥´¨°.

ƒ² ¢´Ò¥ É·¥¡µ¢ ´¨Ö ± µ¡· ¡µÉ±¥ ¢ ¸µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì: ³ ±¸¨-
³ ²Ó´ Ö ¸±µ·µ¸ÉÓ ¢ÒÎ¨¸²¥´¨° ¶·¨ ¶·¥¤¥²Ó´µ ¤µ¸É¨¦¨³µ° ¨Ì ÉµÎ´µ¸É¨ ¨ ¢Ò-
¸µ± Ö ÔËË¥±É¨¢´µ¸ÉÓ ³¥Éµ¤µ¢ µÍ¥´±¨ Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·µ¢, ¨´É¥·¥¸ÊÕÐ¨Ì
Ô±¸¶¥·¨³¥´É Éµ·µ¢. �¥ ²¨§ Í¨Ö ÔÉ¨Ì É·¥¡µ¢ ´¨° ¶·¨ ´ ²¨Î¨¨ ¢ÒÏ¥¶¥·¥Î¨-
¸²¥´´ÒÌ Ê¸²µ¢¨° ´¥¨§¡¥¦´µ ´ Éµ²±´Ê² ¸Ó ´  µ£· ´¨Î¥´´µ¸ÉÓ É· ¤¨Í¨µ´´µ
¶·¨³¥´Ö¥³ÒÌ ±² ¸¸¨Î¥¸±¨Ì ±µ³¡¨´ Éµ·´ÒÌ ³¥Éµ¤µ¢, ±² ¸É¥·´µ£µ  ´ ²¨§  ¨
¶µ¤£µ´±¨ ¶µ ³¥Éµ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢, ±µÉµ·Ò¥ ¢ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ Ê¦¥
´¥ µ¡¥¸¶¥Î¨¢ ²¨ ²¨¡µ ÉµÎ´µ¸É¨, ²¨¡µ ¸±µ·µ¸É¨ ¢ÒÎ¨¸²¥´¨°, ²¨¡µ ¢Ò¸µ±µ°
ÔËË¥±É¨¢´µ¸É¨ µÍ¥´µ± ¶ · ³¥É·µ¢, ²¨¡µ ¢¸¥£µ ÔÉµ£µ ¢³¥¸É¥. ’ ±¨³ µ¡· §µ³,
¢µ§´¨±Ï Ö ´ ¸ÊÐ´ Ö ¶µÉ·¥¡´µ¸ÉÓ ¢ · §· ¡µÉ±¥ ´µ¢µ£µ ³ É¥³ É¨Î¥¸±µ£µ ¨  ²-
£µ·¨É³¨Î¥¸±µ£µ  ¶¶ · É  ¶µÉ·¥¡µ¢ ²  ¶·¨¢²¥Î¥´¨Ö ³ É¥³ É¨Î¥¸±¨Ì ¸·¥¤¸É¢,
± ± ´µ¢ÒÌ, É ± ¨ ÌµÉÖ ¨§¢¥¸É´ÒÌ, ´µ ³ ²µ ¨¸¶µ²Ó§µ¢ ¢Ï¨Ì¸Ö ¨§-§  ¸² ¡µ¸É¨
¸É ·µ° ±µ³¶ÓÕÉ¥·´µ° ¡ §Ò. ‘Õ¤  µÉ´µ¸¨É¸Ö ¶·¨³¥´¥´¨¥ ¸²¥¤ÊÕÐ¨Ì ³ É¥³ -
É¨Î¥¸±¨Ì ³¥Éµ¤µ¢:
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• ·µ¡ ¸É´ÒÌ ³¥Éµ¤µ¢ ³ É¥³ É¨Î¥¸±µ° ¸É É¨¸É¨±¨ ¤²Ö ¡Ò¸É·µ° ¶µ¤£µ´±¨
¶·µ¸É· ´¸É¢¥´´ÒÌ É· ¥±Éµ·¨° Î ¸É¨Í, µ¶·¥¤¥²¥´¨Ö ¶¥·¢¨Î´ÒÌ ¨ ¢Éµ·¨Î´ÒÌ
¢¥·Ï¨´ ¨ · §¤¥²¥´¨Ö ¡²¨§±¨Ì ±µ²¥Í Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö;

• ¨¸±Ê¸¸É¢¥´´ÒÌ ´¥°·µ´´ÒÌ ¸¥É¥° (ˆ
‘) ¨ ±²¥ÉµÎ´ÒÌ  ¢Éµ³ Éµ¢ (Š�)
± ± ¤²Ö · ¸¶µ§´ ¢ ´¨Ö É·¥±µ¢ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, É ± ¨ ¤²Ö ¶·µ¢¥·±¨ Ë¨§¨-
Î¥¸±¨Ì £¨¶µÉ¥§,   É ±¦¥ ¤²Ö µ¡· ¡µÉ±¨ ¨§µ¡· ¦¥´¨°;

• ¶·¥µ¡· §µ¢ ´¨° � ¤µ´ Ä• Ë ,   É ±¦¥ ³¥Éµ¤µ¢, µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì
®¸¢¥·Ì· §·¥Ï¥´¨¥¯ ¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ¸¨£´ ²µ¢ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ´ Î ²Ó´ÒÌ
§´ Î¥´¨° ¶ · ³¥É·µ¢ ¢ ¨É¥· Í¨µ´´ÒÌ ¶·µÍ¥¤Ê· Ì;

• ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨° (wavelet-transform) ¤²Ö ¡Ò¸É·µ£µ ¢Ò¤¥²¥´¨Ö
¶·¨§´ ±µ¢, · §¤¥²¥´¨Ö ¡²¨§±¨Ì ¸¨£´ ²µ¢ ¨ ¸£² ¦¨¢ ´¨Ö ¤ ´´ÒÌ;

• ¡Ò¸É·ÒÌ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ  ²£µ·¨É³µ¢ ¶µ¨¸±  £²µ¡ ²Ó´ÒÌ Ô±¸É·¥³Ê³µ¢
´¥²¨´¥°´ÒÌ Í¥²¥¢ÒÌ ËÊ´±Í¨µ´ ²µ¢,   É ±¦¥ ±µ³¡¨´¨·µ¢ ´´ÒÌ, £¨¡·¨¤´ÒÌ
³¥Éµ¤µ¢, µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ¢Ò¸µ±ÊÕ ÔËË¥±É¨¢´µ¸ÉÓ ¶·µÍ¥¸¸µ¢ µ¡· ¡µÉ±¨.

‚ µ¡§µ·e · ¸¸³ É·¨¢ ÕÉ¸Ö · ¡µÉÒ, ¢Ò¶µ²´¥´´Òe ¸µÉ·Ê¤´¨± ³¨ �ˆŸˆ, ¶µ
· §· ¡µÉ±¥ ¨ ¶·¨³¥´¥´¨Õ ¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ ´µ¢ÒÌ ³¥Éµ¤µ¢ ±µ³¶ÓÕÉ¥·´µ°
µ¡· ¡µÉ±¨ ¤ ´´ÒÌ ¸µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ”‚�.

‚ · §¤¥²¥ 1 µ¶¨¸ ´Ò ¶·¨´Í¨¶Ò ·µ¡ ¸É´ÒÌ M -µÍ¥´µ± ¶ · ³¥É·µ¢, ¸¢µ-
¤ÖÐ¨Ì¸Ö ± ¨É¥· É¨¢´µ³Ê ¢§¢¥Ï¥´´µ³Ê ³¥Éµ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢, ¤ ´
¢Ò¢µ¤ µ¶É¨³ ²Ó´ÒÌ ¢¥¸µ¢ÒÌ ËÊ´±Í¨° ¨ ¶·¨¢¥¤¥´ ¡µ£ ÉÒ° ´ ¡µ· ¶·¨³¥·µ¢
Ê¸¶¥Ï´ÒÌ ¶·¨³¥´¥´¨° ·µ¡ ¸É´µ£µ ¶µ¤Ìµ¤  ± µÍ¥´± ³ ¶ · ³¥É·µ¢ ¢ Ê¸²µ¢¨ÖÌ
§ ÏÊ³²¥´´µ¸É¨ ¤ ´´ÒÌ, ¢ Éµ³ Î¨¸²¥ ¨ ¤²Ö § ¤ Î  ² °´³¥´É .

� §¤¥² 2 ¶µ¸¢ÖÐ¥´ µ¶¨¸ ´¨Õ · §²¨Î´ÒÌ ¶·¨³¥´¥´¨° ˆ
‘ ¨ ±²¥ÉµÎ´ÒÌ
 ¢Éµ³ Éµ¢, ¢ Éµ³ Î¨¸²¥ ´µ¢µ£µ É¨¶  ˆ
‘ ¤²Ö µ¡· ¡µÉ±¨ ¨§µ¡· ¦¥´¨°.

‚ · §¤¥²¥ 3 ¤ ´µ µ¶¨¸ ´¨¥ É ± ´ §Ò¢ ¥³ÒÌ Ô² ¸É¨Î´ÒÌ ³¥Éµ¤µ¢ É·¥±¨´£ 
(´ §Ò¢ ¥³ÒÌ É ±¦¥ ³¥Éµ¤µ³ ¤¥Ëµ·³¨·Ê¥³ÒÌ Ï ¡²µ´µ¢), ´¥¸±µ²Ó±¨Ì ¥£µ ¶·¨-
³¥´¥´¨°,   É ±¦¥ ¥£µ ¸¢Ö§¨ ¸ ·µ¡ ¸É´Ò³¨ ³¥Éµ¤ ³¨.

‚ · §¤¥²e 4 ¶·¨¢¥¤¥´µ ±· É±µ¥ µ¶¨¸ ´¨Õ ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨° ¨ · ¸-
¸³µÉ·¥´µ ¨Ì ¶·¨³¥´¥´¨¥ ¤²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‚ § ±²ÕÎ¥´¨¨ ¶µ¤¢¥¤¥´Ò ±· É±¨¥ ¨Éµ£¨ µ¶¨¸ ´´ÒÌ ¢ µ¡§µ·¥ ¸µ¢·¥³¥´´ÒÌ
³¥Éµ¤µ¢  ´ ²¨§  ¤ ´´ÒÌ ¨ Ê± § ´Ò ´¥±µÉµ·Ò¥ É¥´¤¥´Í¨¨ ¨Ì · §¢¨É¨Ö.
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1.1. Œ¥Éµ¤ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢ ¨ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ·µ¡ ¸É´µ£µ ¶µ¤-
Ìµ¤ . 
 ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´Ò³ ³¥Éµ¤µ³ µÍ¥´±¨ ¶ · ³¥É·µ¢ ËÊ´±Í¨µ´ ²Ó-
´ÒÌ § ¢¨¸¨³µ¸É¥° ¶µ ¤ ´´Ò³ ¨§³¥·¥´¨° Ö¢²Ö¥É¸Ö ³¥Éµ¤ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· -
Éµ¢ (Œ
Š). ‚µ§Ó³¥³ ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·µ¸ÉÊÕ ²¨´¥°´ÊÕ ³µ¤¥²Ó É·¥± 
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¢´¥ ³ £´¨É´µ£µ ¶µ²Ö ¢ ±µµ·¤¨´ É´µ° ¶·µ¥±Í¨¨ (y, z)

yi = y0 + tyzi + εi, i = 1, n, (1)

£¤¥ yi Å i-¥ ¨§³¥·¥´¨¥; zi Å ±µµ·¤¨´ É  i-° ¶²µ¸±µ¸É¨ ¤¥É¥±Éµ· ; εi Å
µÏ¨¡±  ¨§³¥·¥´¨Ö, ¨³¥ÕÐ Ö ¶µ ¶·¥¤¶µ²µ¦¥´¨Õ ´µ·³ ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥

εi ∈ N (0, σi), (2)

  pT = (y0, ty) = (p1, p2) Å ¢¥±Éµ· ´¥¨§¢¥¸É´ÒÌ ¶ · ³¥É·µ¢. „²Ö ¨Ì µ¶·¥¤¥-
²¥´¨Ö ¸²¥¤Ê¥É ´ °É¨ ³¨´¨³Ê³ ¸Ê³³Ò ±¢ ¤· Éµ¢ ´¥¢Ö§µ± εi, ±µÉµ·Ò¥ ¢ µ¡Ð¥³
¸²ÊÎ ¥ ´¥· ¢´µÉµÎ´ÒÌ ¨§³¥·¥´¨° ¤µ²¦´Ò ¡ÒÉÓ ´µ·³¨·µ¢ ´Ò ´  ¨Ì ¸É ´¤ ·É-
´Ò¥ µÉ±²µ´¥´¨Ö σi:

S(p) =
∑
i

wiε
2
i =⇒ min

p̄
, (3)

£¤¥ wi = 1/σ2
i Å ¢¥¸  ¨§³¥·¥´¨°.

—Éµ¡Ò ´ °É¨ ³¨´¨³Ê³ S(p), ¶·¨· ¢´Ö¥³ ´Ê²Õ ¶·µ¨§¢µ¤´Ò¥ ÔÉµ£µ ËÊ´±-
Í¨µ´ ²  ¶µ ¶ · ³¥É· ³ p. �Éµ ¤ ¸É ¸¨¸É¥³Ê ´µ·³ ²Ó´ÒÌ Œ
Š-Ê· ¢´¥´¨°:

∂S

∂pj
= 2

∑
i

wiεi
∂εi
∂pj

= 0, j = 1, 2, (4)

·¥Ï¥´¨Ö ±µÉµ·µ° p̂T = {p̂j} ¤ ÕÉ ¨¸±µ³Ò¥ µÍ¥´±¨ ¶ · ³¥É·µ¢. ‡´ Î¥´¨Ö
ËÊ´±Í¨µ´ ²  (3) ¢ ³¨´¨³Ê³¥, É. ¥. ¶·¨ ´ °¤¥´´ÒÌ {p̂j}, ¸²Ê¦ É ±µ²¨Î¥¸É¢¥´-
´µ° µÍ¥´±µ° ± Î¥¸É¢  ¶µ¤£µ´±¨, É. ±. ¢¥²¨Î¨´ 

S(p̂) =
n∑
i

(
yi − p̂1 − p̂2zi

σi

)2

(5)

µ± §Ò¢ ¥É¸Ö · ¸¶·¥¤¥²¥´´µ° ¶µ § ±µ´Ê χ2 ¸ m− 2 ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò [1].
‚ ¡µ²¥¥ µ¡Ð¥³ ¸²ÊÎ ¥ ²¨´¥°´µ° ·¥£·¥¸¸¨¨, ´ ¶·¨³¥· ¶µ¤£µ´±¨ ¶µ²¨´µ³ 

y =
∑m+1
j=1 pjz

(j−1) ¸ m + 1 ¶ · ³¥É· ³¨, Ê¤µ¡´¥¥ ¶¥·¥°É¨ ± ³ É·¨Î´Ò³
µ¡µ§´ Î¥´¨Ö³:

Y = ZP , (6)

£¤¥

Z =




1 z1 z2
1 . . . zm1

1 z2 z2
2 . . . zm2

...
...

...
. . .

...
1 zn z2

n . . . zmn


 , Y =




y1

y2

...
yn


 , P =




p0

p1

...
pm


 . (7)
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�¶·¥¤¥²ÖÖ É ±¦¥ ¢¥¸µ¢ÊÕ ³ É·¨ÍÊ

W =




w1 0
w2

. . .
0 wn


 , (8)

³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢Ò· ¦¥´¨¥ (3) ¢ ³ É·¨Î´µ° Ëµ·³¥

S = ETWE , (9)

£¤¥

E = Y − ZP . (10)

’µ£¤  ·¥Ï¥´¨¥³ ´µ·³ ²Ó´µ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¸É ´µ¢¨É¸Ö

P̂ = (ZTWZ)−1ZTWY. (11)

�Éµ ¤ ¥É ´ ³ µÍ¥´±¨ ¢¸¥Ì m+ 1 ¶ · ³¥É·µ¢. ˆÌ ±µ¢ ·¨ Í¨µ´´ Ö ³ É·¨Í 

covp̂ = C = (X TWX )−1. (12)

„¨¸¶¥·¸¨¨ ¶ · ³¥É·µ¢ · ¸¶µ²µ¦¥´Ò ¶µ ¤¨ £µ´ ²¨, ´µ ¶µ¸±µ²Ó±Ê ¸ ³¨ ¶ · -
³¥É·Ò µ± §Ò¢ ÕÉ¸Ö § ¢¨¸¨³Ò³¨, ¨Ì ±µ¢ ·¨ Í¨¨ Ê¦¥ ´¥ · ¢´Ò ´Ê²Õ. Šµ¢ ·¨-
 Í¨Ö ¶ · ³¥É·µ¢ pi ¨ pj · ¢´  Ô²¥³¥´ÉÊ cij ÔÉµ° ³ É·¨ÍÒ.

�µ¶Ê²Ö·´µ¸ÉÓ Œ
Š ¸·¥¤¨ Ô±¸¶¥·¨³¥´É Éµ·µ¢ µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ ¶µ-
²ÊÎ ¥³Ò¥ Œ
Š-µÍ¥´±¨ ¶ · ³¥É·µ¢ µ± §Ò¢ ÕÉ¸Ö ¸µ¸ÉµÖÉ¥²Ó´Ò³¨ ¨  ¸¨³¶Éµ-
É¨Î¥¸±¨ ÔËË¥±É¨¢´Ò³¨, É. ¥. ´ ¨²ÊÎÏ¨³¨ ¸·¥¤¨ ¢¸¥Ì ¤·Ê£¨Ì ³¥Éµ¤µ¢ ±µ´-
¸É·Ê¨·µ¢ ´¨Ö µÍ¥´µ± (¸³., ´ ¶·¨³¥·, [1]). �Éµ ¸²¥¤Ê¥É ¨§ Éµ£µ, ÎÉµ ¶·¨
¸¤¥² ´´µ³ ´ ³¨ ¶·¥¤¶µ²µ¦¥´¨¨ (2) Œ
Š µ± §Ò¢ ¥É¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ µ¡-
Ð¥£µ ³¥Éµ¤  µÍ¥´¨¢ ´¨Ö, ´ §Ò¢ ¥³µ£µ ³¥Éµ¤µ³ ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ-
¡¨Ö (ŒŒ�), ±µÉµ·Ò° ¤¥°¸É¢Ê¥É ¶·¨ ¶·µ¨§¢µ²Ó´ÒÌ § ±µ´ Ì · ¸¶·¥¤¥²¥´¨Ö
µÍ¥´¨¢ ¥³ÒÌ ¶ · ³¥É·µ¢. ‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢¸¥ ´¥¢Ö§±¨ (10) Ö¢²ÖÕÉ¸Ö
´¥§ ¢¨¸¨³Ò³¨ ¸²ÊÎ °´Ò³¨ ¢¥²¨Î¨´ ³¨ ¸ ´Ê²¥¢Ò³¨ ¸·¥¤´¨³¨ ¨ µ¤¨´ ±µ¢µ°
ËÊ´±Í¨¥° ¶²µÉ´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö (”��) f(e), ¢¥·µÖÉ´µ¸ÉÓ ¶µÖ¢²¥´¨Ö ±µ´-
±·¥É´µ° ¢Ò¡µ·±¨ e1, e2, . . . en Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° ¶· ¢¤µ¶µ¤µ¡¨Ö

L(p) =
n∏
i

f(ei). (13)

‘µ£² ¸´µ ¶·¨´Í¨¶Ê ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö �.”¨Ï¥· , ´ ¨²ÊÎÏ¥° Å
´a¨¡µ²¥¥ ¶· ¢¤µ¶µ¤µ¡´µ° Å µÍ¥´±µ° ¶ · ³¥É·µ¢ ¡Ê¤¥É ÉµÉ ´ ¡µ· ¶ · ³¥É·µ¢
p, ¶·¨ ±µÉµ·µ³ (13) ¶·¨³¥É ¸¢µ¥ ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥. �µ¸±µ²Ó±Ê ¨ ¸ ³ 
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ËÊ´±Í¨Ö ¶· ¢¤µ¶µ¤µ¡¨Ö, ¨ ¥¥ ²µ£ ·¨Ë³ ¶·¨´¨³ ÕÉ ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥
¢ µ¤´µ° ¨ Éµ° ¦¥ ÉµÎ±¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ Ê· ¢´¥´¨¥ ¶· ¢¤µ¶µ¤µ¡¨Ö ¤²Ö ¥¥
¶µ¨¸±  § ¶¨¸Ò¢ ¥É¸Ö É ±:

∂ lnL(p)
∂pk

= 0; k = 1, 2, . . . ,m. (14)

�¥Ï¥´¨¥ ÔÉµ£µ Ê· ¢´¥´¨Ö ¨ ¤ ¥É ´ ³ ŒŒ�-µÍ¥´±¨ p̂, ±µÉµ·Ò¥, ± ± ¤µ± § ´µ
[1], µ¡² ¤ ÕÉ ¸¢µ°¸É¢ ³¨ ¸µ¸ÉµÖÉ¥²Ó´µ¸É¨,  ¸¨³¶ÉµÉ¨Î¥¸±µ° ´µ·³ ²Ó´µ¸É¨ ¨
ÔËË¥±É¨¢´µ¸É¨.

�µÔÉµ³Ê ¶·¥¤¶µ²µ¦¥´¨¥ µ ´µ·³ ²Ó´µ¸É¨ ”�� ¢ (13), É. ¥.

f(ei) =
1

σ
√
2π

exp
(
− e2i
2σ2

)
, (15)

Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¢ ¦´Ò³, É ± ± ± Éµ²Ó±µ ¢ ÔÉµ³ ¸²ÊÎ ¥ ŒŒ� ¶·¥¢· Ð ¥É¸Ö ¢
Œ
Š (¸ ¸µÌ· ´¥´¨¥³ ¢¸¥Ì ¶µ²¥§´ÒÌ ¸¢µ°¸É¢ ¶µ²ÊÎ ¥³ÒÌ µÍ¥´µ±). ‚ ¸ ³µ³
¤¥²¥,

lnL(p) = ln

(
n∏
i=1

f(ei)

)
=

n∑
i=1

ln f(ei),

¨ ²µ£ ·¨Ë³¨Î¥¸± Ö ËÊ´±Í¨Ö ¶· ¢¤µ¶µ¤µ¡¨Ö µ± §Ò¢ ¥É¸Ö · ¢´µ°

−1
2

n∑
i=1

(
e2i
σ2

)
+ const.

�´  ¨³¥¥É ¸¢µ° ³ ±¸¨³Ê³ É ³ ¦¥, £¤¥ (13) ¨³¥¥É ¸¢µ° ³¨´¨³Ê³.
Š ¸µ¦ ²¥´¨Õ, ±²ÕÎ¥¢µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ µ ´µ·³ ²Ó´µ¸É¨ ´¥¢Ö§µ± ¢ ·¥ ²Ó-

´µ° ¦¨§´¨ ´ ·ÊÏ ¥É¸Ö µÎ¥´Ó Î ¸Éµ ¡² £µ¤ ·Ö § ¸µ·¥´¨Õ ¨§³¥·¥´¨° ÏÊ³µ-
¢Ò³¨ ¨²¨ Ëµ´µ¢Ò³¨ ¨§³¥·¥´¨Ö³¨, ± ±, ´ ¶·¨³¥·, ¶µ± § ´µ ´  ·¨¸. 1.

Š¢ ¤· É¨Î´µ¸ÉÓ ËÊ´±Í¨µ´ ²  S ¢ (9) ¢¥¤¥É ± Éµ³Ê, ÎÉµ ¤ ²¥±µ µÉ¸ÉµÖ-
Ð¨¥ ÉµÎ±¨ ³µ£ÊÉ ¤ ÉÓ ´¥µ¶· ¢¤ ´´µ ¡µ²ÓÏµ° ¢±² ¤ ¢ ËÊ´±Í¨µ´ ² ¨ ¶·¨¢¥¸É¨
± §´ Î¨É¥²Ó´µ° ¶µÉ¥·¥ ÉµÎ´µ¸É¨ µÍ¥´µ± ¶ · ³¥É·µ¢. —Éµ¡Ò ¨§¡¥¦ ÉÓ ÔÉµ£µ,
¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¨§³¥·¥´¨Ö Éµ²Ó±µ ¨§ ´¥¶µ¸·¥¤¸É¢¥´´µ° µ±·¥¸É´µ¸É¨ ¶µ¤-
£µ´Ö¥³µ° ËÊ´±Í¨¨, ¶·¨¤ ¢ Ö µ¸É ²Ó´Ò³ ³¥´ÓÏ¨¥ §´ Î¥´¨Ö ¨²¨ ¢µµ¡Ð¥ ¶·¥-
´¥¡·¥£ Ö ¨³¨. ’ ±ÊÕ ¨¤¥Õ ³µ¦´µ ·¥ ²¨§µ¢ ÉÓ, ¶·¨¤ ¢ Ö ± ¦¤µ³Ê ¨§³¥·¥´¨Õ
¸¶¥Í¨ ²Ó´Ò° ¢¥¸, §´ Î¥´¨¥ ±µÉµ·µ£µ Ê¡Ò¢ ¥É ¸ ·µ¸Éµ³ ´¥¢Ö§±¨ ei, É. ¥. · ¸¸Éµ-
Ö´¨Ö ¤µ ¶µ¤£µ´Ö¥³µ° ±·¨¢µ°. �ÉµÉ ¶µ¤Ìµ¤, ´ §Ò¢ ¥³Ò° ·µ¡ ¸É´Ò³∗, ¡Ò² ¤ ´
�.•ÓÕ¡¥·µ³ [2], ¶·¥¤²µ¦¨¢Ï¨³, µ¤´ ±µ, ¨´µ° ³¥Éµ¤ ¥£µ ·¥ ²¨§ Í¨¨. �·¥¤-
²µ¦¥´¨¥ •ÓÕ¡¥·  ¸¢µ¤¨É¸Ö ± ´¥±µÉµ·µ³Ê µ¡µ¡Ð¥´¨Õ ³¥Éµ¤  ³ ±¸¨³ ²Ó´µ£µ

∗Robust ( ´£².) Å ±·¥¶±¨°, §¤µ·µ¢Ò°. ‚ ¸É É¨¸É¨±¥ Å ´¥ÎÊ¢¸É¢¨É¥²Ó´Ò° ± ÏÊ³ ³.
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�¨¸. 1. �·¨³¥· ¤ ´´ÒÌ É·¥±µ¢ÒÌ ¨§-
³¥·¥´¨° ¶·¨ ´ ²¨Î¨¨ ÏÊ³µ¢ÒÌ ¸· -
¡ ÉÒ¢ ´¨° ¤¥É¥±Éµ·  ¨ Ëµ´µ¢ÒÌ ¨§-
³¥·¥´¨°: Éµ²¸É Ö ²¨´¨Ö Å É·¥±; Éµ´-
± Ö Å ·¥§Ê²ÓÉ É Œ
Š-¶µ¤£µ´±¨

¶· ¢¤µ¶µ¤µ¡¨Ö. �µ¤Î¥·±¨¢ Ö ÔÉÊ ¸¢Ö§Ó
¸ ŒŒ�, •ÓÕ¡¥· ´ §¢ ² ¸¢µ° ¶µ¤Ìµ¤
Œ-µÍ¥´¨¢ ´¨¥³. ‘ ³ É¥³ É¨Î¥¸±µ° ÉµÎ±¨
§·¥´¨Ö ¶·¥¤² £ ²µ¸Ó ¶¥·¥°É¨ µÉ ¸Ê³³Ò
±¢ ¤· Éµ¢ ¢ (3) ± ¸Ê³³¥ ´¥±µÉµ·ÒÌ ËÊ´±-
Í¨° ¢±² ¤  ρ(e), ±µÉµ·Ò¥ É ±¦¥ § ¢¨¸ÖÉ
µÉ µÉ±²µ´¥´¨Ö e ÉµÎ±¨ µÉ ¶·Ö³µ°, ´µ · -
¸ÉÊÉ ³¥¤²¥´´¥¥, Î¥³ ±¢ ¤· É¨Î´ Ö ¶ · -
¡µ² .

’¥¶¥·Ó ³¨´¨³¨§¨·Ê¥³Ò° ËÊ´±Í¨µ-
´ ² ¡Ê¤¥É ¢Ò£²Ö¤¥ÉÓ É ±:

L(p) =
n∑
i=1

ρ(ei). (16)

„²Ö ¶·µ¸ÉµÉÒ ³Ò §¤¥¸Ó · ¸¸³ É·¨¢ ¥³
ËÊ´±Í¨Õ L ± ± § ¢¨¸ÖÐÊÕ µÉ µ¤´µ£µ ¶ -
· ³¥É· . ’ ± ± ± ÉµÎ±¨, ¡²¨§±¨¥ ± ¶·Ö-
³µ°, ¢¥·µÖÉ´¥¥ ¢¸¥£µ, ¥° ¶·¨´ ¤²¥¦ É,

ËÊ´±Í¨Ö ρ(e) ¶·¨ ³ ²ÒÌ e ¤µ²¦´  ¸¥¡Ö ¢¥¸É¨ ± ± e2, ± ± ¨ ¢ ³¥Éµ¤¥ ´ ¨³¥´Ó-
Ï¨Ì ±¢ ¤· Éµ¢:

ρ(e) ∼ e2 ¶·¨ e→ 0. (17)

ˆ¸Ìµ¤Ö ¨§ ÔÉµ£µ Ê¸²µ¢¨Ö ¨ É·¥¡µ¢ ´¨Ö ¥¤¨´¸É¢¥´´µ¸É¨ ·¥Ï¥´¨Ö, ÎÉµ ³µ¦¥É
¡ÒÉÓ µ¡¥¸¶¥Î¥´µ ¢Ò¶Ê±²µ¸ÉÓÕ ËÊ´±Í¨µ´ ²  (16), •ÓÕ¡¥· ¶·¥¤²µ¦¨² ¢Ò-
¶Ê±²ÊÕ ËÊ´±Í¨Õ ¢±² ¤  (¸³. ´  ·¨¸. 2, ¡)

ρ(e) =

{
e2, |e| < e0

2e0|e| − e20, |e| > e0,
(18)

±µÉµ· Ö ¶·¨ ¡µ²ÓÏ¨Ì µÉ±²µ´¥´¨ÖÌ, |e| > e0, ¢µ§· ¸É ¥É ¶µ ²¨´¥°´µ³Ê § ±µ´Ê.
�·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ É ±µ° ËÊ´±Í¨¨ ¢±² ¤  ÉµÎ±¨, ²¥¦ Ð¨¥ ¤ ²¥±µ µÉ ¶·Ö³µ°,
³¥´ÓÏ¥ ¢²¨ÖÕÉ ´  ¶µ¤£µ´±Ê, Î¥³ ¢ ¸²ÊÎ ¥ ±¢ ¤· É¨Î´µ° § ¢¨¸¨³µ¸É¨, ÌµÉÖ ¨
¶·µ¤µ²¦ ÕÉ ¢²¨ÖÉÓ ¢ ¸¨²Ê ´¥o£· ´¨Î¥´´µ¸É¨ ËÊ´±Í¨¨ ¢±² ¤ .

‚ ÔÉµ° ¸¢Ö§¨ ¤·Ê£¨¥ ¨¸¸²¥¤µ¢ É¥²¨ ¶·¥¤²µ¦¨²¨ ¨¸¶µ²Ó§µ¢ ÉÓ µ£· ´¨Î¥´-
´Ò¥ ËÊ´±Í¨¨ ¢±² ¤ , ¢µµ¡Ð¥ ¨£´µ·¨·ÊÕÐ¨¥ ÉµÎ±¨ §  ¶·¥¤¥² ³¨ ´¥±µ° ¶µ-
²µ¸Ò ¢µ±·Ê£ ¶µ¤£µ´Ö¥³µ° ±·¨¢µ°. �·µ¸É¥°Ï¨³ ¶·¨³¥·µ³ É ±µ° µ£· ´¨Î¥´´µ°
ËÊ´±Í¨¨ ¢±² ¤  ³µ¦¥É ¸²Ê¦¨ÉÓ ®µ¡·¥§ ´´ Ö¯ ¸¢¥·ÌÊ ¶ · ¡µ²  (¸³. ·¨¸. 2, ¢):

ρ(d) =

{
d2, |d| < d0

d2
0, |d| > d0.

(19)
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�¨¸. 2. 
¥µ£· ´¨Î¥´´Ò¥ (a, ¡) ¨ µ£· ´¨Î¥´´Ò¥ (¢, £) ËÊ´±Í¨¨ ¢±² ¤  (±·¨¢Ò¥ 1) ¨
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ¢¥¸µ¢Ò¥ ËÊ´±Í¨¨ (±·¨¢Ò¥ 2): a) Œ
Š-¶ · ¡µ² ; ¡) ËÊ´±Í¨Ö
¢±² ¤  •ÓÕ¡¥· ; ¢) ®µ¡·¥§ ´´ Ö¯ ¶ · ¡µ² ; £) µ¶É¨³ ²Ó´ Ö ËÊ´±Í¨Ö ¢±² ¤ 


¥¤µ¸É É±µ³ É ±µ° ËÊ´±Í¨¨ Ö¢²ÖÕÉ¸Ö ¥¥ ´¥£² ¤±µ¸ÉÓ, ¸µ§¤ ÕÐ Ö ¶·µ¡²¥³Ò
¶·¨ ¤¨ËË¥·¥´Í¨·µ¢ ´¨¨ L(p) ¢µ ¢·¥³Ö ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¶· ¢¤µ¶µ¤µ¡¨Ö
¤²Ö ´ Ìµ¦¤¥´¨Ö ³¨´¨³Ê³ . �¡Ð¨³ ¦¥ ´¥¤µ¸É É±µ³ µ£· ´¨Î¥´´ÒÌ ËÊ´±Í¨°
¢±² ¤  Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¨Ì ¨¸¶µ²Ó§µ¢ ´¨¥ ¢¥¤¥É ± ´¥¢Ò¶Ê±²µ¸É¨ ËÊ´±Í¨µ-
´ ²  (16), ¶·¨¢µ¤ÖÐ¥° ± ¶µÖ¢²¥´¨Õ ´¥¸±µ²Ó±¨Ì ³¨´¨³Ê³µ¢ L(p), É ± ÎÉµ
¶µ¨¸± ¸·¥¤¨ ´¨Ì £²µ¡ ²Ó´µ£µ ³µ¦¥É µ± § ÉÓ¸Ö ¸¥·Ó¥§´µ° ¢ÒÎ¨¸²¨É¥²Ó´µ°
¶·µ¡²¥³µ°.

ƒµ¢µ·Ö µ ¢ÒÎ¨¸²¨É¥²Ó´µ° ¸Éµ·µ´¥ ·µ¡ ¸É´ÒÌ ³¥Éµ¤µ¢, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ,
ÎÉµ ¶² Éµ° §  ·µ¡ ¸É´µ¸ÉÓ µ± §Ò¢ ¥É¸Ö ¢µ§´¨± ÕÐ Ö ´¥²¨´¥°´µ¸ÉÓ § ¤ Î¨,
¤ ¦¥ ¢ ¸²ÊÎ ÖÌ ¶µ¤£µ´±¨ ËÊ´±Í¨°, ²¨´¥°´µ § ¢¨¸ÖÐ¨Ì µÉ ¶ · ³¥É·µ¢. ’ -
±¨³ µ¡· §µ³, ·µ¡ ¸É´Ò¥ ³¥Éµ¤Ò µ± §Ò¢ ÕÉ¸Ö ¨É¥· É¨¢´Ò³¨ ¶µ ¸ ³µ° ¸¢µ¥°
¶·¨·µ¤¥.

1.2. Œ É¥³ É¨Î¥¸±¨° Ëµ·³ ²¨§³ ·µ¡ ¸É´µ£µ ¶µ¤Ìµ¤ . � ¸¸³µÉ·¨³ Ê· ¢-
´¥´¨¥ ¶· ¢¤µ¶µ¤µ¡¨Ö ¤²Ö ËÊ´±Í¨µ´ ²  (16)

∂L(p)
∂p

=
n∑
i=1

∂ρ(ei)
∂ei

∂ei
∂p

= 0 (20)
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¨ ¶·¥µ¡· §Ê¥³ ¥£µ, µ¡µ§´ Î¨¢

w(e) =
1
e

∂ρ(e)
∂e

, (21)

∂L(p)
∂p

=
n∑
i=1

w(ei)
∂ei
∂p

ei = 0. (22)

ŒÒ ¶µ²ÊÎ¨²¨ Ê· ¢´¥´¨¥,  ´ ²µ£¨Î´µ¥ ´µ·³ ²Ó´Ò³ Ê· ¢´¥´¨Ö³ Œ
Š (4),
´µ ¸ § ³¥´µ° Î¨¸²µ¢ÒÌ ¢¥¸µ¢ÒÌ ±µÔËË¨Í¨¥´Éµ¢ ´  ¢¥¸µ¢Ò¥ ËÊ´±Í¨¨ w(e),
±µÉµ·Ò¥ ¶·¨Ìµ¤¨É¸Ö § ´µ¢µ ¢ÒÎ¨¸²ÖÉÓ ´  ± ¦¤µ° ¨É¥· Í¨¨ ¶µ²ÊÎ¨¢Ï¥°¸Ö
¨É¥· É¨¢´µ° ¶·µÍ¥¤Ê·Ò, ´ §¢ ´´µ° ¶·µÍ¥¤Ê·µ° ”²¥ÉÎ¥· Äƒ· ´É Ä•¥¡²¥´ 
(”ƒ•) [4]. 
  ± ¦¤µ° ¨É¥· Í¨¨ ”ƒ•-¶·µÍ¥¤Ê·Ò ¢Ò¶µ²´Ö¥É¸Ö ¢§¢¥Ï¥´´Ò°
Œ
Š, ´µ ¸ ËÊ´±Í¨µ´ ²Ó´Ò³¨ ¢¥¸ ³¨. …¸²¨ ´¥É ± ±¨Ì-²¨¡µ  ¶·¨µ·´ÒÌ ¸µ-
µ¡· ¦¥´¨° ¶µ ¢Ò¡µ·Ê ´ Î ²Ó´ÒÌ §´ Î¥´¨° ¢¥¸µ¢, Éµ ³µ¦´µ ¨´¨Í¨¨·µ¢ ÉÓ
”ƒ•-¶·µÍ¥¤Ê·Ê ¸ ¶µ³µÐÓÕ µ¡ÒÎ´µ£µ Œ
Š, ¢§Ö¢ ¢ ± Î¥¸É¢¥ ¢¥¸µ¢ ¥¤¨´¨ÍÒ

w
(0)
i ≡ 1.

�¤´µ° ¨§ ´ ¨¡µ²¥¥ ÔËË¥±É¨¢´ÒÌ ¸ ÉµÎ±¨ §·¥´¨Ö ¶µ¤ ¢²¥´¨Ö ÏÊ³µ¢ Ö¢²Ö-
¥É¸Ö ¢¥¸µ¢ Ö ËÊ´±Í¨Ö ’ÓÕ±¨ [5], ´ §Ò¢ ¥³ Ö ¡¨¢¥¸µ¢µ° §  ¶·¨³¥´¥´¨¥ ¡¨-
±¢ ¤· É  ´¥¢Ö§µ±:

w(e) =



(
1−

(
e

cTσ

)2
)2

, ¥¸²¨ |e| < cTσ,

0 ¢ µ¸É ²Ó´ÒÌ ¸²ÊÎ ÖÌ.

(23)


¥±µÉµ·Ò¥ ¨§ ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒÌ ËÊ´±Í¨° ¢±² ¤  ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³
¢¥¸µ¢Ò¥ ËÊ´±Í¨¨ ¨§µ¡· ¦¥´Ò ´  ·¨¸. 2.

Œµ¦´µ § ³¥É¨ÉÓ, ÎÉµ ¤²Ö ³¥Éµ¤  ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢ ± ¦¤ Ö ÉµÎ± 
¨³¥¥É µ¤¨´ ±µ¢Ò° ¢¥¸, ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ËÊ´±Í¨¨ ¢±² ¤  •ÓÕ¡¥·  ¢¥¸ Éµ-
Î¥±, ²¥¦ Ð¨Ì ¤ ²¥±µ µÉ É· ¥±Éµ·¨¨, Ê³¥´ÓÏ ¥É¸Ö µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ
µÉ±²µ´¥´¨Õ µÉ É· ¥±Éµ·¨¨,   µ£· ´¨Î¥´´ Ö ËÊ´±Í¨Ö ¢±² ¤  ¶·¨¢µ¤¨É ± Éµ³Ê,
ÎÉµ ¤ ²¥±¨¥ ÉµÎ±¨ ¢µµ¡Ð¥ ´¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö.

‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ³´µ£¨Ì ¢ ·¨ ´Éµ¢ µ£· ´¨Î¥´´ÒÌ ¨ ´¥o£· ´¨Î¥´-
´ÒÌ ËÊ´±Í¨° ¢±² ¤  ³µ¦´µ ´ °É¨ ¢ [3].

Œ´µ£µµ¡· §¨¥ ¨³¥ÕÐ¨Ì¸Ö ¶·¥¤²µ¦¥´¨° ¶µ ¢Ò¡µ·Ê ¢¥¸µ¢ÒÌ ËÊ´±Í¨° ¸É¨-
³Ê²¨·µ¢ ²µ ¨¸¸²¥¤µ¢ ´¨¥ [6] ¶µ µ¶·¥¤¥²¥´¨Õ ¢¥¸µ¢µ° ËÊ´±Í¨¨, µ¶É¨³ ²Ó´µ°
¶·¨ ¶µ¤£µ´±¥ ±·¨¢µ° ´  Ëµ´¥ · ¢´µ³¥·´µ£µ § ¸µ·¥´¨Ö. fÊ¤¥³ ¶µ-¶·¥¦´¥³Ê
¶·¥¤¶µ² £ ÉÓ, ÎÉµ ¨§³¥·¥´¨Ö ¶·µ¨§¢µ¤ÖÉ¸Ö ¸ µÏ¨¡± ³¨, · ¸¶·¥¤¥²¥´´Ò³¨ ¶µ
´µ·³ ²Ó´µ³Ê § ±µ´Ê (15) ¸µ ¸É ´¤ ·É´Ò³ µÉ±²µ´¥´¨¥³ σ,   § ¸µ·ÖÕÐ¨¥ ÉµÎ±¨
· ¸¶·¥¤¥²¥´Ò · ¢´µ³¥·´µ ´  £µ· §¤µ ¡µ²¥¥ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ ∆(σ � ∆).
�·¥¤¶µ²µ¦¨³ É ±¦¥, ÎÉµ µÉ´µÏ¥´¨¥ ¸¨£´ ²/ÏÊ³ · ¢´µ (1 − ε)/ε, É. ¥. ε Å
ÔÉµ ¶ · ³¥É· § ¸µ·¥´¨Ö.
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„²Ö µ¶¨¸ ´¨Ö § ¸µ·¥´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢µ¸¶µ²Ó§Ê¥³¸Ö ³µ¤¥²ÓÕ ®¡µ²Ó-
Ï¨Ì µÏ¨¡µ±¯ (gross-error model) ’ÓÕ±¨

fε(e) = (1− ε)φ(e) + εh(e), (24)

£¤¥ φ(e) Å £ Ê¸¸µ¢µ · ¸¶·¥¤¥²¥´¨¥ (15),   h = 1/∆ Å ¶²µÉ´µ¸ÉÓ · ¢´µ³¥·-
´µ£µ · ¸¶·¥¤¥²¥´¨Ö.

‘µ¸É ¢¨³ ²µ£ ·¨Ë³¨Î¥¸±ÊÕ ËÊ´±Í¨Õ ¶· ¢¤µ¶µ¤µ¡¨Ö ¤²Ö É ±µ£µ · ¸¶·¥-
¤¥²¥´¨Ö, · ¸¸³ É·¨¢ Ö ¶µ-¶·¥¦´¥³Ê ¤²Ö ¶·µ¸ÉµÉÒ µ¤´µ¶ · ³¥É·¨Î¥¸±ÊÕ § -
¢¨¸¨³µ¸ÉÓ

L(p) = ln
∏
i

f(ei) =
∑
i

ln
(

1− ε√
2πσ

e−
e2

2σ2 +
ε

∆

)
. (25)

�·¨· ¢´¨¢ Ö ± ´Ê²Õ ¥¥ ¶·µ¨§¢µ¤´ÊÕ ¶µ ¶ · ³¥É·Ê p, ³Ò ¶µ²ÊÎ¨³ Ê· ¢-
´¥´¨¥ ¶· ¢¤µ¶µ¤µ¡¨Ö

∂ ln L

∂p
=
∑
i

1− ε√
2πσ

e−
e2

2σ2 ei
∂ei
∂p

1− ε√
2πσ

e−
d2
2σ2 +

ε

∆

= 0, (26)

±µÉµ·µ¥ ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´µ ¢ ¢¨¤¥,  ´ ²µ£¨Î´µ³ (4):

∂ ln L

∂p
=
∑
i

w(ei)ei
∂ei
∂p

= 0,

£¤¥ µ¡µ§´ Î¥´µ

w(e) =

1− ε√
2πσ

e−
e2

2σ2

1− ε√
2πσ

e−
d2
2σ2 +

ε

∆

.

’ ±¨³ µ¡· §µ³, ¶µ¸²¥ ¤¥²¥´¨Ö ´  Î¨¸²¨É¥²Ó ¨ ´µ·³¨·µ¢±¨ ´  ¥¤¨´¨ÍÊ ¢ ´Ê²¥
³Ò ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö µ¶É¨³ ²Ó´ÒÌ ¢¥¸µ¢:

wopt(e) =
1 + c

1 + c exp
(

e2

2σ2

) , (27)

£¤¥ c =
ε

1− ε

√
2πσ
∆

.

�µ¸±µ²Ó±Ê ∆ � σ, ÔÉ  ±µ´¸É ´É  c ¤µ¢µ²Ó´µ ³ ²  ¤ ¦¥ ¶·¨ ³ ²µ³ µÉ-
´µÏ¥´¨¨ ¸¨£´ ²/ÏÊ³. �¶É¨³ ²Ó´ Ö ¢¥¸µ¢ Ö ËÊ´±Í¨Ö ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¥°
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ËÊ´±Í¨Ö ¢±² ¤  ¨§µ¡· ¦¥´Ò ´  ·¨¸. 2, £. ˆ§ ¸µµ¡· ¦¥´¨° Ê¸±µ·¥´¨Ö ¢ÒÎ¨¸²¥-
´¨° ¡Ò²  ¶·¥¤²µ¦¥´  ¶µ²¨´µ³¨ ²Ó´ Ö  ¶¶·µ±¸¨³ Í¨Ö ËÊ´±Í¨¨ (27) ³´µ£µ-
Î²¥´µ³ 4-£µ ¶µ·Ö¤± , ±µÉµ· Ö µ± § ² ¸Ó ´¨Î¥³ ¨´Ò³, ± ± ¢ÒÏ¥Ê¶µ³Ö´ÊÉÒ³
¡¨¢¥¸µ³ ’ÓÕ±¨ (23). ‚ ÔÉµ° ¸¢Ö§¨ ¡¨¢¥¸µ¢ Ö ËÊ´±Í¨Ö ¨¸¶µ²Ó§Ê¥É¸Ö ¢¥¸Ó³  Î -
¸Éµ, ÌµÉÖ ¸²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ÉÐ É¥²Ó´µ£µ ¢Ò¡µ·  ¶ · ³¥É· 
cT . …¸ÉÓ ·¥±µ³¥´¤ Í¨¨ [5] cT = 3 ÷ 5. �·¨ ÔÉµ³ ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ, ÎÉµ ¢Ò-
¡·µ¸ ¨§³¥·¥´¨° ¸ ¡µ²ÓÏ¨³¨ µÉ±²µ´¥´¨Ö³¨ ¶ÊÉ¥³ ¶·¨¶¨¸Ò¢ ´¨Ö ¨³ ´Ê²¥¢ÒÌ
¢¥¸µ¢ ¨¤¥É ¶µ ¢¥²¨Î¨´¥ cTσ, £¤¥ §´ Î¥´¨¥ σ É ±¦¥ ¶µ¤²¥¦¨É ¶¥·¥¢ÒÎ¨¸²¥´¨Õ
´  ± ¦¤µ° ¨É¥· Í¨¨:

σ(k) =

√∑
i

w
(k−1)
i

(
e
(k−1)
i

)2
/∑

i

w
(k−1)
i . (28)

�¨¸. 3. ‚¨¤ ËÊ´±Í¨¨ ¶· ¢¤µ¶µ¤µ¡¨Ö ¶µ¸²¥
¢¢¥¤¥´¨Ö É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¶·¨
· §´ÒÌ É¥³¶¥· ÉÊ· Ì

ƒ¨¡±µ¸ÉÓ ·µ¡ ¸É´µ° ¶·µÍ¥¤Ê-
·Ò ³¨´¨³¨§ Í¨¨ ¶·µÖ¢²Ö¥É¸Ö µ¸µ-
¡¥´´µ §´ Î¨³µ ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£-
¤  ¶·µÍ¥¸¸ ³¨´¨³¨§ Í¨¨ § ¸É·¥-
¢ ¥É ¨§-§  ¸± ÉÒ¢ ´¨Ö ËÊ´±Í¨µ-
´ ²  ¢ ²µ± ²Ó´Ò° ³¨´¨³Ê³. ˆ§¢¥¸É-
´Ò³ ¶µ¤Ìµ¤µ³ ¤²Ö ¶·¥µ¤µ²¥´¨Ö ¶µ-
¤µ¡´ÒÌ É·Ê¤´µ¸É¥° Ö¢²Ö¥É¸Ö ³¥Éµ¤
®¨³¨É Í¨¨ µÉ¦¨£ ¯ (simulated an-
nealing) [7], ¸µ¸ÉµÖÐ¨° ¢ · ¸ÉÖ¦¥-
´¨¨, ¢Ò¶µ² ¦¨¢ ´¨¨ ³¨´¨³¨§¨·Ê¥-
³µ£µ ËÊ´±Í¨µ´ ²  ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö
´¥±µÉµ·µ£µ ¶ · ³¥É·  t, ¨³¨É¨·ÊÕ-
Ð¥£µ ¶µ¢ÒÏ¥´¨¥ ®É¥³¶¥· ÉÊ·Ò¯
É ±, ÎÉµ¡Ò ²µ± ²Ó´Ò¥ ³¨´¨³Ê³Ò

¸£² ¤¨²¨¸Ó ¨ µ¸É ²¸Ö Éµ²Ó±µ µ¤¨´ (¸³. ·¨¸. 3). •µÉÖ µ´ ¨ ³µ¦¥É ¡ÒÉÓ · ¸-
¶µ²µ¦¥´ ´¥¸±µ²Ó±µ ¢ ¸Éµ·µ´¥ µÉ ¨¸±µ³µ£µ £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³ , ´µ ¸²Ê-
¦¨É ´ Î ²Ó´Ò³ ¶·¨¡²¨¦¥´¨¥³ ´  ¸²¥¤ÊÕÐ¥³ ÔÉ ¶¥ ¶µ¨¸±  ¶·¨ ¶µ´¨¦¥´¨¨
É¥³¶¥· ÉÊ·´µ£µ ¶ · ³¥É· . �·¨ ¶µ¸É¥¶¥´´µ³ ¶µ´¨¦¥´¨¨ t ¤µ ´Ê²Ö ÔÉµÉ ¶·µ-
Í¥¸¸ ¸µ°¤¥É¸Ö ± ³¨´¨³Ê³Ê ¨¸Ìµ¤´µ£µ ËÊ´±Í¨µ´ ² . ’µÎ´µ É ±µ° ¦¥ ¶·µÍ¥¸¸
³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´ ¨ ¢ ·µ¡ ¸É´µ° ¸Ì¥³¥ ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö  ´ ²µ£¨Î´µ°
É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¶ · ³¥É·  cT , ´ ¶·¨³¥·, ± ± cT = 3 + t ¶·¨
t = 10, 8, ..., 0.

‡ ³¥Î ´¨¥ 1. ‘²¥¤Ê¥É, ±µ´¥Î´µ, ¶µ³´¨ÉÓ, ÎÉµ ¶·¨³¥´¥´¨¥ ·µ¡ ¸É´µ£µ
M -µÍ¥´¨¢ ´¨Ö ¶ · ³¥É·µ¢ ¨³¥¥É ¸³Ò¸² Éµ²Ó±µ ¢ ¸²ÊÎ ÖÌ § ¸µ·¥´´µ¸É¨ ¢Ò-
¡µ·±¨. …¸²¨, ´ ¶·µÉ¨¢, ¥¸ÉÓ Ê¢¥·¥´´µ¸ÉÓ, ÎÉµ ¢Ò¡µ·±  ¸¢µ¡µ¤´  µÉ Ëµ´µ¢ÒÌ
¨§³¥·¥´¨°, Éµ ´¨± ±µ° ´¥µ¡Ìµ¤¨³µ¸É¨ ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ ¨É¥· É¨¢´µ° ¶·µÍ¥-
¤Ê·Ò ¸ ËÊ´±Í¨µ´ ²Ó´Ò³¨ ¢¥¸ ³¨ ´¥É, É. ±. ¤²Ö É ±¨Ì ¸²ÊÎ ¥¢ ¤µ± § ´  ³ ±¸¨-
³ ²Ó´ Ö ÔËË¥±É¨¢´µ¸ÉÓ µ¡ÒÎ´µ£µ Œ
Š.
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‡ ³¥Î ´¨¥ 2. ‘ÊÐ¥¸É¢¥´´µ, ÎÉµ ¢ÒÏ¥¶·¨¢¥¤¥´´Ò° ¢Ò¢µ¤ ¢¥¸µ¢ÒÌ ËÊ´±-
Í¨° ¸¤¥² ´ ´  µ¸´µ¢¥ Éµ²Ó±µ ÊÎ¥É  · ¸¶·¥¤¥²¥´¨Ö ´¥¢Ö§µ±, ´¥§ ¢¨¸¨³µ µÉ
¶·¨´ÖÉµ° ¶ · ³¥É·¨§ Í¨¨. �µÔÉµ³Ê µ¡Ð¥¥ ·¥Ï¥´¨¥ (11) ·¥£·¥¸¸¨µ´´µ° § -
¤ Î¨ ¢ ³ É·¨Î´ÒÌ µ¡µ§´ Î¥´¨ÖÌ (6)Ä(11) µ¸É ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ´  ± ¦¤µ°
”ƒ•-¨É¥· Í¨¨, ´ ¤µ Éµ²Ó±µ § ³¥´¨ÉÓ ¶µ¸ÉµÖ´´Ò¥ ¢¥¸  ¢ ¢¥¸µ¢µ° ³ É·¨Í¥ (8)
´  ¨Ì ËÊ´±Í¨µ´ ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö (27) ¨²¨ (23).

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ Ëµ·³ ²Ó´µ- ´ ²¨É¨Î¥¸±µ£µ · §¤¥²  ¶¥·¥¤ ¶¥·¥Ìµ¤µ³
± µ¶¨¸ ´¨Õ Ë¨§¨Î¥¸±¨Ì ¶·¨²µ¦¥´¨° Ê± ¦¥³ ±· É±µ ´  ¢ ¦´µ¥ ¶·µ¸É· ´-
¸É¢¥´´µ¥ µ¡µ¡Ð¥´¨¥ ·µ¡ ¸É´µ£µ ¶µ¤Ìµ¤ , ¶µ·µ¦¤¥´´µ¥ ± ± · § ¶·¨±² ¤´Ò³¨
¶·µ¡²¥³ ³¨, ¢µ§´¨±Ï¨³¨ ¡² £µ¤ ·Ö · §¢¨É¨Õ ¤¥É¥±Éµ·´ÒÌ É¥Ì´µ²µ£¨°. �¥ÎÓ
¨¤¥É µ ´µ¢ÒÌ É¨¶ Ì ¤¥É¥±Éµ·µ¢, µ¡² ¤ ÕÐ¨Ì ¢Ò¸µ±¨³ ¶·µ¸É· ´¸É¢¥´´Ò³ · §-
·¥Ï¥´¨¥³, ¤µ¸É¨£´ÊÉÒ³ ¶µ¢ÒÏ¥´¨¥³ ¨Ì £· ´Ê²Ö·´µ¸É¨: ¶·µÌµ¤ÖÐ Ö Î ¸É¨Í 
·¥£¨¸É·¨·Ê¥É¸Ö ´¥ ¶·µ¸Éµ ± ± ÉµÎ±  ´  µ¤´µ° ¨§ ±µµ·¤¨´ É´ÒÌ ¶²µ¸±µ¸É¥°
¤¥É¥±Éµ· ,   ± ± ±² ¸É¥· ¨§ ¸³¥¦´ÒÌ ÖÎ¥¥±, ³¥¦¤Ê ±µÉµ·Ò³¨ · ¸¶·¥¤¥²¨² ¸Ó
Ô´¥·£¨Ö ¶·µ²¥É¥¢Ï¥° Î ¸É¨ÍÒ. �¡ÒÎ´µ É ±µ¥ · ¸¶·¥¤¥²¥´¨¥ ¨³¥¥É ±µ²µ±µ-
²µµ¡· §´Ò° ¢¨¤, Ìµ·µÏµ  ¶¶·µ±¸¨³¨·Ê¥³Ò° ¤¢Ê³¥·´Ò³ £ Ê¸¸µ¢Ò³ · ¸¶·¥¤¥-
²¥´¨¥³ É¨¶ 

g(x, y, ;x0, y0) = A exp
(
− (x− x0)2

2σ2
x

− (y − y0)2

2σ2
y

)
, (29)

£¤¥ (x0, y0) Å Í¥´É· ±² ¸É¥· , É. ¥. ³¥¸Éµ ¶·µÌµ¦¤¥´¨Ö Î ¸É¨ÍÒ Î¥·¥§ ¤ ´´ÊÕ
¶²µ¸±µ¸ÉÓ ¤¥É¥±Éµ· ; A Å  ³¶²¨ÉÊ¤  ¸¨£´ ² , ¸¢Ö§ ´´ Ö ¸ ¸Ê³³ ·´µ° Ô´¥·-
£¨¥°, · ¸¸¥Ö´´µ° ´  ÔÉµ° ¶²µ¸±µ¸É¨. �·¨ ¤¥É¥±É¨·µ¢ ´¨¨ ¶·µ¨¸Ìµ¤¨É µÍ¨-
Ë·µ¢±  ¸¨£´ ²µ¢, É ± ÎÉµ Î ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, µÉ´µ¸ÖÐ¨Ì¸Ö ±
¤ ´´µ° ±µµ·¤¨´ É´µ° ¶²µ¸±µ¸É¨, ¢Ò£²Ö¤¨É ± ± ¤¢Ê³¥·´ Ö £¨¸Éµ£· ³³ . ’ ± Ö
± ·É¨´  Ì · ±É¥·´ , ´ ¶·¨³¥·, ¤²Ö ¤¥É¥±Éµ·µ¢ É¨¶  ¸¨²¨±µ´µ¢ÒÌ ¤·¥°Ëµ¢ÒÌ
¨²¨ ¢·¥³Ö¶·µ¥±Í¨µ´´ÒÌ ± ³¥·, ¸µ¸ÉµÖÐ¨Ì ¨§ ´¥¸±µ²Ó±¨Ì É ±¨Ì ±µµ·¤¨´ É-
´ÒÌ ¶²µ¸±µ¸É¥°,   É ±¦¥ ¨ ¤²Ö ´¥±µÉµ·ÒÌ ¢Ò¸µ±µ£· ´Ê²Ö·´ÒÌ ¤¥É¥±Éµ·µ¢
Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö É¨¶  CERES RICH [9,95].

�·¨ ÔÉµ³ ¢ ¸¨²Ê ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ±µµ·¤¨´ ÉÒ (x0, y0) ´  ± ¦¤µ°
¨§ ´¨Ì ¶µ²ÊÎ ÕÉ ¸²ÊÎ °´Ò¥ ¤µ¡ ¢±¨, ±·µ³¥ Éµ£µ, ¸µ¤¥·¦¨³µ¥ ± ¦¤µ° É ±µ°
ÖÎ¥°±¨ £¨¸Éµ£· ³³Ò aij , ¶µ²ÊÎ ¥³µ¥ ¶ÊÉ¥³ ¨´É¥£·¨·µ¢ ´¨Ö £ Ê¸¸¨ ´  (29) ¶µ
¶²µÐ ¤¨ ÖÎ¥°±¨ ij, É ±¦¥ ¶µ²ÊÎ ¥É ¸²ÊÎ °´Ò¥ ¤µ¡ ¢±¨ ¢¸²¥¤¸É¢¨¥ µÏ¨¡µ±
¨§³¥·¥´¨Ö.

’ ±¨³ µ¡· §µ³, ¢³¥¸Éµ ¨§¢¥¸É´µ° § ¤ Î¨ ¶·µ¸É· ´¸É¢¥´´µ° ¶µ¤£µ´±¨ É·¥-
±µ¢ ¶µ ÉµÎ± ³ ³Ò ¶µ²ÊÎ ¥³ ¸µ¢¥·Ï¥´´µ ´µ¢ÊÕ § ¤ ÎÊ ¶µ¤£µ´±¨ ¶µ ³´µ¦¥¸É¢Ê
ÉµÎ¥± Å ¸¥·¥¤¨´ ÖÎ¥¥± £¨¸Éµ£· ³³ (x̄i, ȳi), ¤  ¥Ð¥ ¸´ ¡¦¥´´ÒÌ  ³¶²¨ÉÊ¤ ³¨
aij . ”¨§¨±¨ ¸¢µ¤ÖÉ ÔÉÊ § ¤ ÎÊ ± ¨§¢¥¸É´µ° ¶µ¤£µ´±¥ ¶µ ÉµÎ± ³, ±µÉµ·Ò¥
¶µ²ÊÎ ÕÉ ¨§ ®¸Ò·ÒÌ¯ ¤ ´´ÒÌ ¶ÊÉ¥³ ¨Ì ¸¶¥Í¨ ²Ó´µ° ¶·¥¤µ¡· ¡µÉ±¨: ±² ¸É¥-
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·¨§ Í¨¨ ¨ § É¥³ µ¶·¥¤¥²¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ± ¦¤µ£µ ±² ¸É¥·  ¶µ Ëµ·³Ê²¥

xcog =

(∑
i

aij x̄i

)/(∑
i

aij

)
; ycog =


∑

j

aij ȳj


/∑

j

aij


 , (30)

£¤¥ x̄i =
(xi+1 + xi)

z
, ȳi =

(yj+1 + yj)
z

Å ±µµ·¤¨´ ÉÒ ¸¥·¥¤¨´ ÖÎ¥¥±.

�µ¡ ¸É´Ò° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É µ¸ÊÐ¥¸É¢¨ÉÓ ¶µ¤£µ´±Ê ´¥¶µ¸·¥¤¸É¢¥´´µ ¶µ
®¸Ò·Ò³¯ ¤ ´´Ò³, ³¨´ÊÖ ÔÉ ¶ ¶·¥¶·µÍ¥¸¸¨´£  ¨ ÊÎ¨ÉÒ¢ Ö ¤µ¶µ²´¨É¥²Ó´ÊÕ
Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ, ¸µ¤¥·¦ ÐÊÕ¸Ö ¢ ¤ ´´ÒÌ µ¡  ³¶²¨ÉÊ¤ Ì § -
·¥£¨¸É·¨·µ¢ ´´ÒÌ ¸¨£´ ²µ¢. �µ¤£µ´±  ¢Ò¶µ²´Ö¥É¸Ö ¨É¥· É¨¢´Ò³ ¢§¢¥Ï¥´´Ò³
Œ
Š ¶µ ¢¸¥³Ê ³´µ¦¥¸É¢Ê ¤ ´´ÒÌ, ¢±²ÕÎ Ö ¢¸¥ Í¥´É·Ò ÖÎ¥¥± ¨ ¨Ì  ³¶²¨ÉÊ¤Ò.

¥¸²µ¦´µ ´ °É¨ ¢¥¸ ²Õ¡µ° ¨§ ÖÎ¥¥±. 
  ± ¦¤µ° ±µµ·¤¨´ É´µ° ¶²µ¸±µ¸É¨ ¢Ò-
Î¨¸²Ö¥É¸Ö · ¸¸ÉµÖ´¨¥ eij µÉ Í¥´É·  ± ¦¤µ° ÖÎ¥°±¨ ¤µ ¶µ¤£µ´Ö¥³µ° ±·¨¢µ°,
¶µ¸²¥ Î¥£µ ¥¥ ¢¥¸ ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ Ëµ·³Ê² ³ (27) ¨²¨ (23).

ƒµ· §¤µ ¸²µ¦´¥¥ ÊÎ¥¸ÉÓ ¢²¨Ö´¨¥ ´  ÔÉµÉ ¢¥¸ ¥¥  ³¶²¨ÉÊ¤Ò aij . �·µ¸É¥°-
Ï¥¥ ·¥Ï¥´¨¥: ¢¥¸, ¢ÒÎ¨¸²¥´´Ò°, ¸± ¦¥³, ¶µ Ëµ·³Ê²¥ (23), Ê³´µ¦ ¥É¸Ö ´ 
 ³¶²¨ÉÊ¤Ê aij , ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¤ ´´µ° ÖÎ¥°±¥. �¤´ ±µ ¶·¨ ÔÉµ³ ´¥ ÊÎ¨ÉÒ-
¢ ¥É¸Ö · ¸¶·¥¤¥²¥´¨¥ ÔÉ¨Ì  ³¶²¨ÉÊ¤, ±µÉµ·µ¥ ³µ¦¥É ¡ÒÉÓ, ´ ¶·¨³¥·, Ô±¸¶µ-
´¥´Í¨ ²Ó´Ò³ ¸ µÎ¥´Ó ¡µ²ÓÏ¨³ · §¡·µ¸µ³ §´ Î¥´¨°. ˆ§-§  ÔÉµ£µ ¢¥·µÖÉ´µ¸ÉÓ
Éµ£µ, ÎÉµ ¶µ¸Éµ·µ´´ÖÖ ÉµÎ± , ²¥¦ Ð Ö ¢ ¸Éµ·µ´¥, ¶µ²ÊÎ¨É ´¥µ¶· ¢¤ ´´µ ¡µ²Ó-
Ïµ° ¢¥¸ §  ¸Î¥É ¸¢µ¥° ¡µ²ÓÏµ°  ³¶²¨ÉÊ¤Ò, ³µ¦¥É µ± § ÉÓ¸Ö ¸²¨Ï±µ³ ¢¥²¨± .
ˆ ´ µ¡µ·µÉ, ÉµÎ±  ¸ ³ ²µ°  ³¶²¨ÉÊ¤µ°, ²¥¦ Ð Ö ÎÊÉÓ ¢ ¸Éµ·µ´¥ µÉ É·¥± , É ³,
£¤¥ µ´  ¨ ¤µ²¦´  ¡ÒÉÓ, µÏ¨¡µÎ´µ ¶µ²ÊÎ¨É ¸²¨Ï±µ³ ³ ²Ò° ¢¥¸. ‡ ¢¨¸¨³µ¸ÉÓ
¢¥¸µ¢µ° ËÊ´±Í¨¨ µÉ  ³¶²¨ÉÊ¤Ò ¤µ²¦´  ¡ÒÉÓ ¤¢Ê³¥·´µ°: ¥¸²¨  ³¶²¨ÉÊ¤  ¢¥-
²¨± , Éµ ¤µ²¦´µ ¡ÒÉÓ ¡µ²¥¥ ¶· ¢¤µ¶µ¤µ¡´µ, ÎÉµ É ± Ö ÉµÎ±  ¡²¨§±  ± É·¥±Ê.
’µÎ±¨ ¦¥ ¸ ³ ²µ°  ³¶²¨ÉÊ¤µ°, ¸±µ·¥¥ ¢¸¥£µ, ¤µ²¦´Ò ²¥¦ ÉÓ ´  ´¥±µÉµ·µ³
Ê¤ ²¥´¨¨ ²¨¡µ ¸²¥¢ , ²¨¡µ ¸¶· ¢  µÉ É·¥± .

‚ · ¡µÉ¥ [8] ÔÉµ ± Î¥¸É¢¥´´µ¥ · ¸¸Ê¦¤¥´¨¥ Ê¤ ²µ¸Ó ·¥ ²¨§µ¢ ÉÓ ¢ ¢¨¤¥
¸É·µ£µ£µ ³ É¥³ É¨Î¥¸±µ£µ ¢Ò¢µ¤ . ‚ µ¡µ§´ Î¥´¨ÖÌ f(a) Å ¤²Ö ”��  ³¶²¨-
ÉÊ¤Ò ¶µ²¥§´µ£µ ¸¨£´ ²  A, u(A) Å ¤²Ö ”�� Ëµ´µ¢ÒÌ  ³¶²¨ÉÊ¤, ¢ ¶·¥¤¶µ-
²µ¦¥´¨¨ £ Ê¸¸µ¢µ° Ëµ·³Ò ¸¨£´ ²  ¢¨¤  (29) c σx = σy = σ0 ¡Ò²  ¶µ²ÊÎ¥´ 
Ëµ·³Ê²  ¤²Ö ¤¢Ê³¥·´µ° ¢¥¸µ¢µ° ËÊ´±Í¨¨

w(e;A) =
g f(gA) + g2Af ′(gA)

g f(gA) + u(A)
, (31)

£¤¥ g(e) =
√
2πσ2

0 e
e2/2σ2

0 . …¸²¨ ¢§ÖÉÓ · ¸¶·¥¤¥²¥´¨¥ f(a) ¶µ± § É¥²Ó´Ò³ ¸µ
¸·¥¤´¨³ A0, É. ¥. f(a) = A−1

0 e−a/A0 , a > 0, Éµ ¤²Ö Ï¨·µ±µ£µ ¢Ò¡µ·  Ëµ´µ¢µ°
¸µ¸É ¢²ÖÕÐ¥° u(A) (· ¢´µ³¥·´µ° ¨²¨ £ Ê¸¸µ¢µ° ¸ ¡µ²ÓÏµ° σnoise) ³Ò ¶µ²Ê-
Î¨³ ´¥µ¡ÒÎ´ÊÕ ®¤¢Ê·µ£ÊÕ¯ ¶µ¢¥·Ì´µ¸ÉÓ, ±Ê¸µÎ´µ-²¨´¥°´ Ö  ¶¶·µ±¸¨³ Í¨Ö
±µÉµ·µ° ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 4.
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�¨¸. 4. „¢Ê³¥·´ Ö ¢¥¸µ¢ Ö ËÊ´±Í¨Ö, § ¢¨¸ÖÐ Ö
± ± µÉ · ¸¸ÉµÖ´¨Ö ÉµÎ±¨ ¤µ ¶µ¤£µ´Ö¥³µ° ±·¨-
¢µ°, É ± ¨ µÉ  ³¶²¨ÉÊ¤Ò ¸¨£´ ²  ¢ ÔÉµ° ÉµÎ±¥

1.3. �·¨³¥´¥´¨¥ ·µ¡ ¸É-
´ÒÌ ³¥Éµ¤µ¢ ¢ Ë¨§¨±¥ Î ¸É¨Í.
Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥,
Î·¥§¢ÒÎ °´µ ¢Ò¸µ± Ö ³´µ¦¥-
¸É¢¥´´µ¸ÉÓ ¸µ¡ÒÉ¨°, Ì · ±É¥·-
´ Ö ¤²Ö ¸µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨-
³¥´Éµ¢, ¶·¨¢µ¤¨É ± ´¥µ¡Ìµ¤¨³µ-
¸É¨  ´ ²¨§  ¤ ´´ÒÌ ¢ Ê¸²µ¢¨Ì,
Ô±¸É·¥³ ²Ó´ÒÌ ± ± ¶µ ¶²µÉ-
´µ¸É¨  ´ ²¨§¨·Ê¥³ÒÌ µ¡Ñ¥±Éµ¢
(É·¥±µ¢, ±µ²¥Í Î¥·¥´±µ¢¸±µ£µ
¨§²ÊÎ¥´¨Ö), É ± ¨ ¶µ Ëµ´µ¢µ°
§ £·Ê§±¥ ¨ § ÏÊ³²¥´´µ¸É¨. ‚ É -
±¨Ì Ê¸²µ¢¨ÖÌ ²Õ¡Ò¥ ³µ¤¨Ë¨± -
Í¨¨ ¨§¢¥¸É´ÒÌ Œ
Š-¶·µÍ¥¤Ê· ¸
¢Ò¡·µ¸µ³ ¤ ²¥±µ µÉ¸ÉµÖÐ¨Ì Éµ-
Î¥± ²¨¡µ ´¥ · ¡µÉ ÕÉ, ²¨¡µ ´¥
¶µ§¢µ²ÖÕÉ ¤µ¡¨ÉÓ¸Ö É·¥¡Ê¥³µ°
ÉµÎ´µ¸É¨. ‚ ÔÉµ ¦¥ ¢·¥³Ö ·µ-
¡ ¸É´Ò¥ ³¥Éµ¤Ò ¶µ¤£µ´±¨, ´¥¸³µÉ·Ö ´  ¸¢µÕ ± ¦ÊÐÊÕ¸Ö ¶·µ¸ÉµÉÊ, ¶µ± § ²¨
¢Ò¸µ±ÊÕ ÔËË¥±É¨¢´µ¸ÉÓ ¢ ¸ ³ÒÌ · §´ÒÌ ¶·¨²µ¦¥´¨ÖÌ.

1.3.1. �¶·¥¤¥²¥´¨¥ ¢¥·Ï¨´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ ³ ²µ³ Î¨¸²¥ ±µµ·¤¨-
´ É´ÒÌ ¶²µ¸±µ¸É¥°. ‚¥·Ï¨´´Ò° ¤¥É¥±Éµ· Ê¸É ´µ¢±¨ CERES, ¸µ¸ÉµÖÐ¨° ¢¸¥£µ
¨§ ¤¢ÊÌ ¸¨²¨±µ´µ¢ÒÌ ¤·¥°Ëµ¢ÒÌ ± ³¥· (SDD1 ¨ SDD2) [14], ¶·¥¤´ §´ Î¥´
¤²Ö µ¶·¥¤¥²¥´¨Ö ±µµ·¤¨´ ÉÒ ¢¥·Ï¨´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·µ¥ ³µ¦¥É ¶·µ-
¨§µ°É¨ ¢ ²Õ¡µ³ ¨§ ¢µ¸Ó³¨ ¤¨¸±µ¢ ³¨Ï¥´¨ (¸³. ·¨¸. 5). 
 ²¨Î¨¥ ¢ ¸·¥¤´¥³
700 É·¥±µ¢ ´  ¸µ¡ÒÉ¨¥ ¢ Ê§±µ³ Ê£²µ¢µ³  ±¸¥¶É ´¸¥ ´  Ëµ´¥ §´ Î¨É¥²Ó´µ£µ Î¨-
¸²  ÏÊ³µ¢ÒÌ µÉ¸Î¥Éµ¢ ¤¥² ¥É ´¥¢µ§³µ¦´Ò³ ¶·¥¤¢ ·¨É¥²Ó´µ¥ · ¸¶µ§´ ¢ ´¨¥
µÉ¤¥²Ó´ÒÌ É·¥±µ¢. ’¥³ ´¥ ³¥´¥¥ § ¤ Î  ¡Ò²  Ê¸¶¥Ï´µ ·¥Ï¥´  ¢ [14] ¶ÊÉ¥³
³¨´¨³¨§ Í¨¨ ËÊ´±Í¨µ´ ²  ¢¨¤ 

L(xv, yv, zv) =
∑

wiei
2, (32)

£¤¥ xv, yv, zv Å ¨¸±µ³Ò¥ ±µµ·¤¨´ ÉÒ ¢¥·Ï¨´Ò,   ´¥¢Ö§±  ei µ¶·¥¤¥²Ö¥É¸Ö ± ±
· ¸¸ÉµÖ´¨¥ µÉ ¢¥·Ï¨´Ò ¤µ ¶·Ö³µ°, ¸µ¥¤¨´ÖÕÐ¥° ÉµÎ±¨ (xi1, yi1), (xi2, yi2),
¢Ò¡· ´´Ò¥ ´  SDD1 ¨ SDD2 É ±, ÎÉµ¡Ò Ê¤µ¢²¥É¢µ·ÖÉÓ Ê¸²µ¢¨Ö³ ¶µ¶ ¤ ´¨Ö ¢
Ê£²µ¢µ°  ±¸¥¶É ´¸:

ei=

√(
xv − xi1 −

zv − zi1
zi2 − zi1

(xi2 − xi1)
)2

+
(
yv − yi1 −

zv − zi1
zi2 − zi1

(yi2 − yi1)
)2

.

�·¨³¥´Ö² ¸Ó ¡¨¢¥¸µ¢ Ö ËÊ´±Í¨Ö (23) ¸ cT = 3. ˆÉ¥· Í¨µ´´ Ö ”ƒ•-¶·µÍ¥¤Ê· 
¸Ìµ¤¨² ¸Ó ¢ ¸·¥¤´¥³ §  5 ¨É¥· Í¨°, ÌµÉÖ ´ Î ²Ó´µ¥ ¶·¨¡²¨¦¥´¨¥ ¢Ò¡¨· ²µ¸Ó
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�¨¸. 5. ‘Ì¥³  ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  Ê¸É ´µ¢±¨ CERES, ¢±²ÕÎ ÕÐ¥£µ ¤¢¥ ¸¨²¨±µ´µ-
¢Ò¥ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò. �É³¥Î¥´ Ê£²µ¢µ°  ±¸¥¶É ´¸ ¤¥É¥±Éµ· . ‘²¥¢  Ê± § ´  ³¨Ï¥´Ó,
¸µ¸ÉµÖÐ Ö ¨§ ¢µ¸Ó³¨ §µ²µÉÒÌ ¤¨¸±µ¢

¢¥¸Ó³  £·Ê¡µ: ¸¥·¥¤¨´  µÉ·¥§±  ³¨Ï¥´´µ° µ¡² ¸É¨ µ¸¨ Z. 
  ·¨¸. 6 ¶µ± § ´µ
· ¸¶·¥¤¥²¥´¨¥ ¢¥·Ï¨´, ´ °¤¥´´ÒÌ ¶µ ´¥¸±µ²Ó±¨³ ¸µ¡ÒÉ¨Ö³ ´  Ëµ´¥ ¤¨¸±µ¢
³¨Ï¥´¨.

�¥§Ê²ÓÉ ÉÒ ¶·µ£µ´  ¶µ 4 ÉÒ¸. Pb + Au-¸µ¡ÒÉ¨° ¶µ§¢µ²¨²¨ ¶µ²ÊÎ¨ÉÓ
¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´ÊÕ ÉµÎ´µ¸ÉÓ � 300 ³±³ ¶µ µ¸¨ Z,   É ±¦¥ Ìµ·µ-
ÏÊÕ ²µ± ²Ó´ÊÕ ÉµÎ´µ¸ÉÓ É·¥± , É. ¥.  §¨³ÊÉ ²Ó´Ò¥ ¨ · ¤¨ ²Ó´Ò¥ ¸·¥¤´¥±¢ -

�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ ¢¥·Ï¨´ ´  Ëµ´¥ ¤¨¸±µ¢ ³¨Ï¥´¨
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¤· É¨Î´Ò¥ µÉ±²µ´¥´¨Ö, µ¶·¥¤¥²¥´´Ò¥ ¤²Ö SDD1 ¶µ ´ °¤¥´´µ° ¢¥·Ï¨´¥ ¨
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ÉµÎ±¥ É·¥±  ´  SDD2: σφ � 6 ³· ¤, σr � 100 ³±³ (¸³. ¤¥-
É ²¨ ¢ [14]).

�¨¸. 7. ˆ§µ¡· ¦¥´¨¥ ¤ ´´ÒÌ ¸µ-
¡ÒÉ¨Ö AuÄPb, § ·¥£¨¸É·¨·µ¢ ´-
´ÒÌ ¤¥É¥±Éµ·µ³ CERES RICH1

1.3.2. 3 ¸¶µ§´ ¢ ´¨¥ ±µ²¥Í Î¥·¥´±µ¢¸±µ£µ
¨§²ÊÎ¥´¨Ö ¨ ¨¤¥´É¨Ë¨± Í¨Ö Î ¸É¨Í. „¥É¥±-
Éµ·Ò Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö É¨¶  RICH
(Ring Imaging CHerenkov) Ï¨·µ±µ ¶·¨³¥´Ö-
ÕÉ¸Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° ”‚� ± ± Î ¸ÉÓ
¸¨¸É¥³Ò ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í (PID) ³´µ-
£¨Ì Ô±¸¶¥·¨³¥´Éµ¢ (¸³., ´ ¶·¨³¥·, [9Ä13]).

¥¸³µÉ·Ö ´  · §²¨Î¨¥ ±µ´¸É·Ê±Í¨° RICH-
¤¥É¥±Éµ·µ¢, ¡µ²ÓÏ¨´¸É¢µ ¨§ ´¨Ì ¸µ¸Éµ¨É ¨§
É·¥Ì µ¸´µ¢´ÒÌ Î ¸É¥°: · ¤¨ Éµ· , ¤¥É¥±Éµ· 
¨ ¸Î¨ÉÒ¢ É¥²Ö. —¥·¥´±µ¢¸±¨¥ ËµÉµ´Ò, ¶µ²Ê-
Î ¥³Ò¥ ¢ · ¤¨ Éµ·¥, Ëµ±Ê¸¨·ÊÕÉ¸Ö ´  ¤¥É¥±-
É¨·ÊÕÐÊÕ Î ¸ÉÓ ¨ § É¥³ ÔÉ  ¨´Ëµ·³ Í¨Ö ¸Î¨-
ÉÒ¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¤¢Ê³¥·´µ° ³ É·¨ÍÒ ¨§
³´µ£¨Ì ÉÒ¸ÖÎ ËµÉµÖÎ¥¥±. ”µÉµ´Ò, ¨¸¶Ê¸± ¥-
³Ò¥ ¤¥É¥±É¨·Ê¥³µ° Î ¸É¨Í¥°, ¶µ¸²¥ Ëµ±Ê¸¨-
·µ¢±¨ Ëµ·³¨·ÊÕÉ ´  ¶²µ¸±µ¸É¨ ÔÉµ° ËµÉµ³ -
É·¨ÍÒ ±µ²ÓÍµ (¨²¨, ¢µ§³µ¦´µ, Ô²²¨¶¸). � ¤¨Ê¸ ¶µ²ÊÎ¨¢Ï¥£µ¸Ö ±µ²ÓÍ  µ¶·¥¤¥-
²Ö¥É¸Ö É¨¶µ³ (³ ¸¸µ°) Î ¸É¨ÍÒ ¨ ¥¥ ¨³¶Ê²Ó¸µ³, ±µÉµ·Ò° µ¡ÒÎ´µ ¸É ´µ¢¨É¸Ö
¨§¢¥¸É¥´ ¨§ ¤·Ê£¨Ì, ´¥ µÉ´µ¸ÖÐ¨Ì¸Ö ± RICH ¨§³¥·¥´¨°. ’ ±¨³ µ¡· §µ³, µÍ¥-
´¨¢ Ö · ¤¨Ê¸, ³Ò ³µ¦¥³ µ¶·¥¤¥²¨ÉÓ É¨¶ Î ¸É¨ÍÒ Å ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ ¥¥.
�¤´ ±µ µÍ¥´¨ÉÓ · ¤¨Ê¸ ´¥¶µ¸·¥¤¸É¢¥´´µ ¶ÊÉ¥³ Œ
Š-¶µ¤£µ´±¨ µ±·Ê¦´µ¸É¨ ±
¤ ´´Ò³ ¨§³¥·¥´¨° ¢ É ±¨Ì ¢Ò¸µ±µÉµÎ´ÒÌ RICH-¤¥É¥±Éµ· Ì, ± ± ¢ Ô±¸¶¥·¨-
³¥´É Ì CERES ¨²¨ COMPASS [9, 15], ³Ò ´¥ ³µ¦¥³, ¶µ¸±µ²Ó±Ê ÔÉ¨ ¤ ´´Ò¥,
± ± Ê¦¥ Ê± §Ò¢ ²µ¸Ó ¢ÒÏ¥ (¸³. ¶. 1.2), Ö¢²ÖÕÉ¸Ö ´¥ ÉµÎ± ³¨,   ±² ¸É¥· ³¨ ¨§
¸³¥¦´ÒÌ ÖÎ¥¥± ·¥£¨¸É·¨·ÊÕÐ¥° ËµÉµ³ É·¨ÍÒ (¸³. ·¨¸. 7, 8). ‚ ¡µ²¥¥ · ´´¥°
· ¡µÉ¥ [16] ·µ¡ ¸É´Ò° ¶µ¤Ìµ¤ ¡Ò² ¶·¨³¥´¥´ ± ·¥§Ê²ÓÉ É ³ ¶·¥¶·µÍ¥¸¸¨´£  ¸
¢Ò¤¥²¥´¨¥³ Ì¨Éµ¢-Í¥´É·µ¢ ±² ¸É¥·µ¢ ¶µ Ëµ·³Ê²¥ (30). ’¥³ ´¥ ³¥´¥¥ ¨ ¢ ¶µ¤-
£µ´±¥ µ±·Ê¦´µ¸É¥° ¶µ ÉµÎ± ³-Ì¨É ³ ¶·µ¡²¥³Ò ¸o §´ Î¨É¥²Ó´Ò³ ±µ²¨Î¥¸É¢µ³
ÏÊ³µ¢ÒÌ Ì¨Éµ¢ ¨ Ëµ´µ¢ÒÌ Ì¨Éµ¢ µÉ ¡²¨§±¨Ì ±µ²¥Í ³µ£²¨ ¡ÒÉÓ Ê¸¶¥Ï´µ ¶·¥-
µ¤µ²¥´Ò Éµ²Ó±µ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ·µ¡ ¸É´µ£µ ¶µ¤Ìµ¤ . „²Ö µÍ¥´±¨ · ¤¨Ê¸ 
R ¨ ±µµ·¤¨´ É Í¥´É·  a, b µ±·Ê¦´µ¸É¨ ¶µ ´ ¡µ·Ê ÉµÎ¥± (xi, yi), i = 1, . . . , n,
³¨´¨³¨§¨·µ¢ ²¸Ö ËÊ´Í¨µ´ ² (32) c

ei =
√
(xi − a)2 + (yi − b)2 −R (33)

¨ µ¶É¨³ ²Ó´µ° ¢¥¸µ¢µ° ËÊ´±Í¨¥° (27) c copt = 0, 2. „¥É ²¨ ²¨´¥ ·¨§ Í¨¨
ËÊ´±Í¨µ´ ²  ³µ¦´µ ´ °É¨ ¢ [16].

�µ ¸ÊÉ¨, ¢ · ¡µÉ¥ [16] ¶·µ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ É·¥Ì ·µ¡ ¸É´ÒÌ
¶µ¤Ìµ¤µ¢: ¤¢ÊÌ ¸ ËÊ´±Í¨µ´ ²µ³ (32), ´µ c · §´Ò³¨ ¢¥cµ¢Ò³¨ ËÊ´±Í¨Ö³¨ Å
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�¨¸. 8. ˆ§µ¡· ¦¥´¨¥ ¸³µ¤¥²¨·µ¢ ´´ÒÌ ¤ ´´ÒÌ ·¥£¨¸É· Í¨¨ ±µ²ÓÍ  Î¥·¥´±µ¢¸±µ£µ
¨§²ÊÎ¥´¨Ö

¶·µ¸É¥°Ï¥° (19) ¨ µ¶É¨³ ²Ó´µ° (27),   É ±¦¥ ¸ ËÊ´±Í¨µ´ ²µ³ ¢¨¤  (16) ¸
£ Ê¸¸µ¢µ° ËÊ´±Í¨¥° ¢±² ¤  ρ(e). �µ¸²¥¤´¨° ¢ ·¨ ´É (´ §¢ ´´Ò° SGW Å
summed gaussian weights) ¨§-§  ¸¨²Ó´µ° ´¥²¨´¥°´µ¸É¨ ËÊ´±Í¨µ´ ²  ¶µÉ·¥-
¡µ¢ ² ¶·¨¢²¥Î¥´¨Ö ¸¶¥Í¨ ²Ó´µ£µ ¶ ±¥É  ¶·µ£· ³³ MINUIT [17], §´ Î¨É¥²Ó´µ
Ê¸ÉÊ¶ ¢Ï¥£µ ¢ ¸±µ·µ¸É¨ ”ƒ•-¶·µÍ¥¤Ê·¥ ¤ ¦¥ ¸ ÊÎ¥Éµ³ § É· É ´  ²¨´¥ ·¨§ -
Í¨Õ ËÊ´±Í¨µ´ ² . �¥§Ê²ÓÉ ÉÒ ´  ·¥ ²Ó´ÒÌ AuÄPb-¤ ´´ÒÌ ¶µ± § ²¨ ¢Ò¸µ±ÊÕ
ÔËË¥±É¨¢´µ¸ÉÓ (∼ 95%) ¨ ¶·¨³¥·´µ µ¤¨´ ±µ¢µ Ìµ·µÏÊÕ ÉµÎ´µ¸ÉÓ ·µ¡ ¸É-
´µ£µ ³¥Éµ¤  ¸ µ¶É¨³ ²Ó´µ° ¢¥¸µ¢µ° ËÊ´±Í¨¥° ¨ SGW-³¥Éµ¤ , ¢ Éµ ¢·¥³Ö
± ± ¶·¨³¥´¥´¨¥ ¶·µ¸É¥°Ï¨Ì ¢¥¸µ¢ ¶·¨¢¥²µ ± ¶µÉ¥·Ö³ ¨ ¢ ÔËË¥±É¨¢´µ¸É¨
(< 85%), ¨ ¢ ÉµÎ´µ¸É¨.

�µ¸±µ²Ó±Ê Ô±¸¶¥·¨³¥´É CERES ¡Ò² ¸¶¥Í¨ ²Ó´µ µ·¨¥´É¨·µ¢ ´ ´  ¶µ-
¨¸± Ê§±¨Ì e+−e−-¶ ·, ¢µ§´¨±²  ¶·µ¡²¥³  · §·¥Ï¥´¨Ö ¡²¨§±¨Ì, ¶¥·¥±·Ò¢ Õ-
Ð¨Ì¸Ö Î¥·¥´±µ¢¸±¨Ì ±µ²¥Í. „²Ö µ¤´µ¢·¥³¥´´µ° ¶µ¤£µ´±¨ ¤¢ÊÌ µ±·Ê¦´µ¸É¥°
¡Ò²µ · §· ¡µÉ ´µ Ê· ¢´¥´¨¥ É ±µ° ±µ³¡¨´¨·µ¢ ´´µ° ±·¨¢µ° Î¥É¢¥·Éµ£µ ¶µ-
·Ö¤±  ¸ Ï¥¸ÉÓÕ ¶ · ³¥É· ³¨ a, b, c, d, R1, R2:

F (xi, yi; a, b, c, d, R1, R2) =

= [(xi − a)2 + (yi − b)2 −R2
1][(xi − c)2 + (yi − d)2 −R2

2] = 0.

�Í¥´±  ÔÉ¨Ì ¶ · ³¥É·µ¢ ¶µÉ·¥¡µ¢ ²  ³¨´¨³¨§ Í¨¨ ´¥²¨´¥°´µ£µ ËÊ´±Í¨µ-
´ ² 

L(a, b, c, d, R1, R2) =
∑
i

wiF
2(xi, yi; a, b, c, d, R1, R2). (34)

…£µ ²¨´¥ ·¨§ Í¨Ö ¡Ò²  ¢Ò¶µ²´¥´   ´ ²µ£¨Î´µ [16], ¤¥É ²¨ ¢Ò¢µ¤  Ëµ·³Ê²
¶·¨¢¥¤¥´Ò ¢ [8].

‡ ¤ Î¨ ´¥¶µ¸·¥¤¸É¢¥´´µ° µ¡· ¡µÉ±¨ ®¸Ò·ÒÌ¯ ¤ ´´ÒÌ Î¥·¥´±µ¢¸±¨Ì ¤¥-
É¥±Éµ·µ¢, ± ± ¤²Ö µ¤´µ°, É ± ¨ ¤²Ö ¸· §Ê ´¥¸±µ²Ó±¨Ì µ±·Ê¦´µ¸É¥°, ¡Ò²¨
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·¥Ï¥´Ò ¢ · ¡µÉ Ì [8, 18Ä20] ¸ ¶µ³µÐÓÕ ±Ê¸µÎ´µ-²¨´¥°´µ°  ¶¶·µ±¸¨³ Í¨¨
¤¢Ê³¥·´µ° ¢¥¸µ¢µ° ËÊ´±Í¨¨, § ¢¨¸ÖÐ¥° É ±¦¥ ¨ µÉ  ³¶²¨ÉÊ¤Ò ¸¨£´ ² . �¥-
§Ê²ÓÉ ÉÒ ¸· ¢´¨É¥²Ó´µ£µ  ´ ²¨§  ¶·¨³¥´¥´¨Ö ´¥¸±µ²Ó±¨Ì ¢ ·¨ ´Éµ¢ µ¤´µ-
³¥·´ÒÌ ¨ ¤¢Ê³¥·´µ° ¢¥¸µ¢µ° ËÊ´±Í¨° ¤²Ö ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨µ´ ²  (34)
´  ³µ¤¥²Ó´ÒÌ ¤ ´´ÒÌ ³µ¦´µ ´ °É¨ ¢ [20].

‘µ¢¥·Ï¥´´µ ¨´µ° ³¥Éµ¤ ¡Ò² ¶·¥¤²µ¦¥´ ¤²Ö ·¥Ï¥´¨Ö ÔÉµ° ¦¥ § ¤ Î¨ ¢
· ¡µÉ¥ [21], £¤¥ ¶·¨³¥´Ö²¸Ö ³¥Éµ¤ £²µ¡ ²Ó´µ£µ ¸²ÊÎ °´µ£µ ¶µ¨¸±  ¸ ¨¸¶µ²Ó§µ-
¢ ´¨¥³ Í¥¶¨ Œ ·±µ¢  ¨  ²£µ·¨É³  Œ¨É·µ¶µ²¨¸ Ä• ¸É¨´£¸  ¤²Ö Ê¸±µ·¥´¨Ö
¶µ¨¸± .

ˆ¤¥Ö ¢¥¸µ¢µ° ËÊ´±Í¨¨, § ¢¨¸ÖÐ¥° µÉ  ³¶²¨ÉÊ¤Ò, ¶µ§¢µ²¨²  ¶·¥¤²µ¦¨ÉÓ
´µ¢Ò°, ¡µ²¥¥ ÔËË¥±É¨¢´Ò°  ²£µ·¨É³ ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í ¶µ · ¤¨Ê¸Ê Î¥-
·¥´±µ¢¸±µ£µ Ê£² . „²Ö ¶·µ¢¥·±¨ £¨¶µÉ¥§Ò µ Éµ³, ± ±µ° ¨§ ¤¢ÊÌ  ²ÓÉ¥·´ -
É¨¢´ÒÌ Î ¸É¨Í, ´ ¶·¨³¥·, π- ¨²¨ K-³¥§µ´Ê ¡µ²¥¥ ¶· ¢¤µ¶µ¤µ¡´µ ¸µµÉ¢¥É-
¸É¢Ê¥É ¨§³¥·¥´´Ò° · ¤¨Ê¸, µ¡ÒÎ´µ ´  ¡ §¥ ¸É É¨¸É¨Î¥¸±µ£µ ±·¨É¥·¨Ö µÉ´µ-
Ï¥´¨Ö ¶· ¢¤µ¶µ¤µ¡¨Ö (Š��) ¢Ò¡¨· ¥É¸Ö ±·¨É¨Î¥¸± Ö µ¡² ¸ÉÓ r > r0. ˆ§-
¢¥¸É´Ò ¡µ²¥¥ ¶·µ¤¢¨´ÊÉÒ¥ ³¥Éµ¤Ò, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ÖÎ¥¨¸ÉÊÕ ¸É·Ê±ÉÊ·Ê ¤ ´-
´ÒÌ RICH ¶ÊÉ¥³ ¶µ¤¸Î¥É  Î¨¸²  ´¥´Ê²¥¢ÒÌ ÖÎ¥¥± ¢ ¤µ¢¥·¨É¥²Ó´ÒÌ ±µ²ÓÍ Ì
(�Ÿ„Š-³¥Éµ¤) ¢µ±·Ê£ µ±·Ê¦´µ¸É¥°, ¶µ²ÊÎ¥´´ÒÌ ¤²Ö µ¡¥¨Ì  ²ÓÉ¥·´ É¨¢´ÒÌ
Î ¸É¨Í [22]. ‚ [20] ¶·¥¤²µ¦¥´ ¶µÌµ¦¨° ¶µ¤Ìµ¤, ´µ ¸ ¶µ¤¸Î¥Éµ³ ¸Ê³³Ò  ³-
¶²¨ÉÊ¤ ¢¸¥Ì ÖÎ¥¥± ¢ ¤µ¢¥·¨É¥²Ó´µ° µ¡² ¸É¨ (‘�„Š-³¥Éµ¤). �¥§Ê²ÓÉ ÉÒ ¸· ¢-
´¥´¨Ö ÔÉ¨Ì ³¥Éµ¤µ¢ ´  ³µ¤¥²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö π- ¨ K-³¥§µ´µ¢ ¶·¨¢¥¤¥´Ò
´  ·¨¸. 9. Šµ´¸É ´É  Š�� ¤²Ö ‘�„Š-³¥Éµ¤  ¡Ò²  ¢Ò¡· ´  É ±, ÎÉµ¡Ò ³¨´¨-
³¨§¨·µ¢ ÉÓ ¢¥·µÖÉ´µ¸ÉÓ ´¥¶· ¢¨²Ó´µ° ¨¤¥´É¨Ë¨± Í¨¨ (¢¥·µÖÉ´µ¸ÉÓ µÏ¨¡±¨

�¨¸. 9. �É´µÏ¥´¨¥ ¶· ¢¤µ¶µ¤µ¡¨Ö ± ± ËÊ´±Í¨Ö Î¥·¥´±µ¢¸±µ£µ · ¤¨Ê¸ . �·¥¤¸É ¢²¥´Ò
·¥§Ê²ÓÉ ÉÒ ³¥Éµ¤µ¢ �Ÿ„Š (a) ¨ ‘�„Š (¡). ‚¥·Ì´¨° ±² ¸É¥· ÉµÎ¥± ´  µ¡e¨Ì Î ¸ÉÖÌ
·¨¸Ê´±  ¸µµÉ¢¥É¸É¢Ê¥É ¶·µ¢¥·Ö¥³µ° £¨¶µÉ¥§¥. ƒµ·¨§µ´É ²Ó´ Ö ²¨´¨Ö ¸µµÉ¢¥É¸É¢Ê¥É ¶µ-
·µ£µ¢µ° ±µ´¸É ´É¥ ±·¨É¥·¨Ö, É ± ÎÉµ ¶µ·Í¨Ö ¢¥·Ì´¥£µ ±² ¸É¥·  ¶µ¤ ÔÉµ° ²¨´¨¥° ¶·¥¤-
¸É ¢²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ µÏ¨¡±¨ ¨¤¥´É¨Ë¨± Í¨¨, ¢ Éµ ¢·¥³Ö ± ± Î ¸ÉÓ ´¨¦´¥£µ ±² ¸É¥· ,
²¥¦ Ð Ö ´ ¤ ÔÉµ° ²¨´¨¥°, ¶·¥¤¸É ¢²Ö¥É ¸²ÊÎ ¨, ±µ£¤  µÏ¨¡µÎ´µ ¶·¨´¨³ ¥É¸Ö £¨¶µÉ¥§ 
µ¡ ¨¤¥´É¨Ë¨± Í¨¨ ´¥ Éµ° Î ¸É¨ÍÒ (µÏ¨¡±  ¢Éµ·µ£µ ·µ¤ )
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¶¥·¢µ£µ ·µ¤  1,04%). �·¨ ÔÉµ³ ¢¥·µÖÉ´µ¸ÉÓ µÏ¨¡±¨ ¢Éµ·µ£µ ·µ¤  ¤²Ö ‘�„Š-
³¥Éµ¤  µ± § ² ¸Ó · ¢´µ° 2,4%, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö �Ÿ„Š-³¥Éµ¤  ¢¥·µÖÉ´µ¸ÉÓ
µÏ¨¡±¨ ´¥¶· ¢¨²Ó´µ° ¨¤¥´É¨Ë¨± Í¨¨ µ± § ² ¸Ó ¢ É·¨ · §  ¡µ²ÓÏ¥ Å 3,2%
¶·¨ µ¤¨´ ±µ° ¢¥·µÖÉ´µ¸É¨ µÏ¨¡±¨ ¢Éµ·µ£µ ·µ¤  2,3%.

1.3.3. 3µ¡ ¸É´Ò¥ µÍ¥´±¨ ¶ · ³¥É·µ¢ É·¥±µ¢. � ¸¶µ§´ ¢ ´¨¥ ¨ µÍ¥´±  ¶ -
· ³¥É·µ¢ É·¥±µ¢ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¶µ²ÊÎ¨¢Ï¨¥ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ±µ·µÉ-
±µ¥ ´ §¢ ´¨¥ É·¥±¨´£, Ö¢²ÖÕÉ¸Ö µ¤´¨³¨ ¨§ µ¸´µ¢´ÒÌ § ¤ Î µ¡· ¡µÉ±¨ ¤ ´´ÒÌ
”‚�, É. ±. ¨³¥´´µ ¢ ¤ ´´ÒÌ É· ¥±Éµ·´ÒÌ ¨§³¥·¥´¨° ¸µ¤¥·¦¨É¸Ö ¨´É¥·¥¸ÊÕ-
Ð Ö Ë¨§¨±µ¢ ¨´Ëµ·³ Í¨Ö µ¡ ¨³¶Ê²Ó¸´ÒÌ ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ¢§ ¨-
³µ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í, ´¥µ¡Ìµ¤¨³ Ö ¤²Ö ¶·µ¢¥·±¨ µ¸´µ¢´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì
£¨¶oÉ¥§. ‚ÒÏ¥ Ê¦¥ µÉ³¥Î ²µ¸Ó, ± ± ¸¶¥Í¨Ë¨±  ¸µ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´-
Éµ¢ ¸ ¨Ì ¶·¥¤¥²Ó´Ò³¨ § £·Ê§± ³¨ ¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸ÉÓÕ ¤ ´´ÒÌ ´  ¸µ¡ÒÉ¨¥
É·¥¡Ê¥É ¶·¨¢²¥Î¥´¨Ö ·µ¡ ¸É´ÒÌ ³¥Éo¤µ¢. �É³¥É¨³ · ¡µÉÒ [23Ä25], £¤¥ Ê¤ Î-
´Ò° ¢Ò¡µ· ¸É¥¶¥´¨ ¶µ²¨´µ³  ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¢¥¸µ¢µ° ËÊ´±Í¨¨ É¨¶  (23)
¶µ§¢µ²¨² Ê¸¶¥Ï´µ ¢µ¸¸É ´µ¢¨ÉÓ É·¥±¨ ¢ ³Õµ´´µ° Î ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´µ°
Ê¸É ´µ¢±¨ CMS ´  ¸²µ¦´µ³ Ëµ´¥ δ-Ô²¥±É·µ´µ¢, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì ³Õµ´Ò.

“± ¦¥³ ´  ¥Ð¥ µ¤´µ ¸¶¥Í¨Ë¨Î¥¸±µ¥ ¶·µÖ¢²¥´¨¥ ¸µ¢·¥³¥´´ÒÌ É¥Ì´µ²µ-
£¨° ¤¥É¥±É¨·µ¢ ´¨Ö, É ±¦¥ ¢¥¤ÊÐ¥¥ ± ¶·µ¡²¥³¥ ´¥µ¤´µ§´ Î´µ¸É¨ ¨´É¥·¶·¥-
É Í¨¨ ¤ ´´ÒÌ, ±µÉµ· Ö ¸ Ê¸¶¥Ìµ³ ³µ¦¥É ¡ÒÉÓ ·¥Ï¥´  ·µ¡ ¸É´Ò³ ¶ÊÉ¥³. �¥ÎÓ
¨¤¥É µ¡ ¨§³¥·¥´¨ÖÌ, ¶·µ¢µ¤¨³ÒÌ ¸ ¶µ³µÐÓÕ ¤·¥°Ëµ¢ÒÌ ± ³¥·, ¸µ¸ÉµÖÐ¨Ì
¨§ £ §µ´a¶µ²´e´´ÒÌ É·Ê¡µ±, µ¡· §ÊÕÐ¨Ì ¶²µÉ´Ò¥ ¸²µ¨ ¸µÉµ¢µ° ¸É·Ê±ÉÊ·Ò.
Š ¦¤ Ö ¨§ É·Ê¡µ± ¨³¥¥É Í¥´É· ²Ó´ÊÕ Ô²¥±É·µ¤´ÊÕ ¶·µ¢µ²µ±Ê, É ± ÎÉµ ¶·¨
¶·µÌµ¦¤¥´¨¨ Î ¸É¨ÍÒ ¸±¢µ§Ó É ±ÊÕ É·Ê¡±Ê ·¥£¨¸É·¨·Ê¥É¸Ö ´¥ Éµ²Ó±µ £·Ê¡ Ö
±µµ·¤¨´ É  ÔÉµ° ¶·µ¢µ²µ±¨, ´µ ¨ ¢·¥³Ö ¤·¥°Ë  ¤µ ´¥¥ µ¡² ±  ¨µ´µ¢, µ¡· §ÊÕ-
Ð¨Ì¸Ö ¢ £ §¥ ¶·¨ ¶·µÌµ¦¤¥´¨¨ Î ¸É¨ÍÒ. �·¨ ¨§¢¥¸É´µ° ¸±µ·µ¸É¨ ¤·¥°Ë  ÔÉµ
¢·¥³Ö ¶¥·¥¸Î¨ÉÒ¢ ¥É¸Ö ¢ · ¤¨Ê¸ ¤·¥°Ë , ¶µ§¢µ²ÖÕÐ¨° ¢ÒÎ¨¸²¨ÉÓ ±µµ·¤¨´ ÉÊ
¶·µ²¥É  Î ¸É¨ÍÒ ¤µ ÉµÎ´µ¸É¥° ¶µ·Ö¤±  ³¨±·µ³¥É·µ¢.

’ ±¨³ µ¡· §µ³, ¤ ´´Ò¥ µ¡ ¨§³¥·¥´´µ³ É·¥±¥ ¢ ¤·¥°Ëµ¢µ° ± ³¥·¥ ¢Ò-
£²Ö¤ÖÉ ± ± ´ ¡µ· ³ ²ÒÌ µ±·Ê¦´µ¸É¥° ¸ Í¥´É· ³¨ ¢ § ·¥£¨¸É·¨·µ¢ ´´ÒÌ Í¥´-
É· ²Ó´ÒÌ ¶·µ¢µ²µ± Ì ¨ c · ¤¨Ê¸ ³¨, · ¢´Ò³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ · ¤¨Ê¸ ³
¤·¥°Ë . ‘ ÉµÎ´µ¸ÉÓÕ ¤µ µÏ¨¡µ± ¨§³¥·¥´¨Ö ÔÉ¨Ì · ¤¨Ê¸µ¢ É·¥± ¶·µÌµ¤¨É ¶µ
± ¸ É¥²Ó´Ò³ ±µ ¢¸¥³ ÔÉ¨³ ³ ²¥´Ó±¨³ µ±·Ê¦´µ¸ÉÖ³ (¸³. ·¨¸. 10). ƒ² ¢´ Ö
´¥¶·¨ÖÉ´µ¸ÉÓ §¤¥¸Ó ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ §´ ´¨¥ · ¤¨Ê¸  ¤·¥°Ë  ´¥ ¶µ§¢µ²Ö¥É
µ¶·¥¤¥²¨ÉÓ, ¸²¥¢  ¨²¨ ¸¶· ¢  µÉ ¶·µ¢µ²µ±¨ ¶·µÏ²  Î ¸É¨Í , ¢µ§´¨± ¥É ¨§¢¥¸É-
´ Ö ²¥¢µ-¶· ¢µ-´¥µ¶·¥¤¥²¥´´µ¸ÉÓ. ‘¨ÉÊ Í¨Ö Ê¸Ê£Ê¡²Ö¥É¸Ö ± ± ¨§-§  ²µ¦´ÒÌ
¸· ¡ ÉÒ¢ ´¨° ´¥±µÉµ·ÒÌ É·Ê¡µ±, É ± ¨ ¨§-§  ¨Ì ´¥ÔËË¥±É¨¢´µ¸É¨, ¶·¨¢µ-
¤ÖÐ¥° ± ¶·µ¶Ê¸± ³ ´¥±µÉµ·ÒÌ ¨§³¥·¥´¨°. ‚ · ¡µÉ¥ [26] ¤²Ö ·¥Ï¥´¨Ö ÔÉµ°
§ ¤ Î¨, ¢µ§´¨± ÕÐ¥° ¢ ¸¨¸É¥³¥ ±µ´É·µ²¨·Ê¥³ÒÌ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ± (MDT Å
monitored drift tubes) ¢ ³ £´¨É´µ³ ¶µ²¥ Ê¸É ´µ¢±¨ ATLAS [27], ¶·¨³¥´¥´ £¨-
¡·¨¤´Ò°  ²£µ·¨É³, ¸µÎ¥É ÕÐ¨° ·µ¡ ¸É´Ò° ³¥Éµ¤, ¶µ§¢µ²ÖÕÐ¨° ¡Ò¸É·µ µ¡-
· ¡µÉ ÉÓ ∼ 90% ¸µ¡ÒÉ¨°, ¨ ¡µ²¥¥ ³¥¤²¥´´Ò° ³¥Éµ¤ Ô² ¸É¨Î´µ° ´¥°·µ´´µ°
¸¥É¨ (¸³. · §¤. 3) ¤²Ö µ¸É ¢Ï¨Ì¸Ö ∼ 10% ¸µ¡ÒÉ¨°.
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�¨¸. 10. �·¨³¥· É¨¶¨Î´µ£µ ¸µ¡ÒÉ¨Ö ¢ ¤·¥°Ëµ¢µ° ± ³¥·¥ ¢ ³ £´¨É´µ³ ¶µ²¥

�¸´µ¢´Òe ¶·µ¡²¥³Ò ¶·¨ ¶·¨³¥´¥´¨¨ ·µ¡ ¸É´µ£µ ³¥Éµ¤  ¤²Ö ¤ ´´ÒÌ ¤·¥°-
Ëµ¢ÒÌ ± ³¥·:

• · ¸¶µ§´ ¢ ´¨¥ ± ¦¤µ£µ ¨§ É·¥±µ¢, É. ¥. ¢Ò¤¥²¥´¨¥ ¢ µÉ¤¥²Ó´Ò° ³ ¸¸¨¢
´ ¡µ·  ¨§³¥·¥´¨° (É·µ°±  Î¨¸¥² ´  ± ¦¤ÊÕ ¨§³¥·¥´´ÊÕ ÉµÎ±Ê Å ¤¢¥ ±µµ·-
¤¨´ ÉÒ Í¥´É· ²Ó´µ° ¶·µ¢µ²µ±¨ ¨ · ¤¨Ê¸ ¤·¥°Ë ), µÉ´µ¸ÖÐ¨Ì¸Ö ± ¤ ´´µ³Ê
· ¸¶µ§´ ´´µ³Ê É·¥±Ê ¨§ ³´µ¦¥¸É¢  É·¥±µ¢, ¸µ¸É ¢²ÖÕÐ¨Ì  ´ ²¨§¨·Ê¥³µ¥ ¸µ-
¡ÒÉ¨¥, ¶·¨Î¥³ Î¨¸²µ ¨Ì § · ´¥¥ ´¥¨§¢¥¸É´µ;

• µ¶·¥¤¥²¥´¨¥ ´ Î ²Ó´ÒÌ §´ Î¥´¨° ¶ · ³¥É·µ¢, µ¶¨¸Ò¢ ÕÐ¨Ì É·¥±;
• ¶µ¤£µ´±  É·¥±µ¢ ¸ ÊÎ¥Éµ³ ²¥¢µ-¶· ¢µ-´¥µ¶·¥¤¥²¥´´µ¸É¨.
�£· ´¨Î¨³¸Ö ¤²Ö ´ £²Ö¤´µ¸É¨ · ¸¸³µÉ·¥´¨¥³ µ¤´µ° ¶·µ¥±Í¨¨ X0Z.
� ¸¶µ§´ ¢ ´¨¥ É·¥±µ¢ ¤µ¸É ÉµÎ´µ ¶·µ¢¥¸É¨ ¶µ ³´µ¦¥¸É¢Ê ¨§³¥·¥´´ÒÌ

Í¥´É·µ¢ ¶·µ¢µ²µ± (xi, zi), i = 1, n. � ¸¶µ§´ ¢ ´¨¥ ¨ µ¤´µ¢·¥³¥´´ Ö £·Ê-
¡ Ö µÍ¥´±  ´ Î ²Ó´ÒÌ §´ Î¥´¨° ¶ · ³¥É·µ¢ É·¥±µ¢ ¢Ò¶µ²´Ö²¨¸Ó ¸ ¶µ³µÐÓÕ
¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¢ ·¨ ´É  ¤¨¸±·¥É´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö 3 ¤µ´ Ä• Ë  (¸³.,
´ ¶·¨³¥·, [28] ¨²¨ µ¶¨¸ ´¨¥ ¡Ò¸É·µ° ¢¥·¸¨¨ ¶·¥µ¡· §µ¢ ´¨Ö ¤²Ö ¶·Ö³ÒÌ É·¥-
±µ¢ [29]). �Éµ ¶·¥µ¡· §µ¢ ´¨¥ ¶¥·¥¢µ¤¨É ²¨´¨¨ ¢ ¶·µ¸É· ´¸É¢¥ ¨§³¥·¥´¨° ¢
ÉµÎ±¨ ¢ ¶·µ¸É· ´¸É¢¥ ¶ · ³¥É·µ¢.

„²Ö ¤ ´´ÒÌ ¤·¥°Ëµ¢ÒÌ ± ³¥· ¢ µ¤´µ·µ¤´µ³ ³ £´¨É´µ³ ¶µ²¥ É·¥±¨ µ¶¨-
¸Ò¢ ÕÉ¸Ö ¤Ê£ ³¨ µ±·Ê¦´µ¸É¥°. �µÔÉµ³Ê ¶¥·¥¡¨· ÕÉ¸Ö ¢¸¥ ¤µ¶ÊcÉ¨³Ò¥ ´¥±µ²-
²¨´¥ ·´Ò¥ É·¨¶²¥ÉÒ (xi, zi), i = 1, 2, 3, ¶µ ±µÉµ·Ò³ ¢ÒÎ¨¸²ÖÕÉ¸Ö ±µµ·¤¨´ ÉÒ
Í¥´É·  ¶·µ¢µ¤¨³µ° Î¥·¥§ ´¨Ì µ±·Ê¦´µ¸É¨

xc =
1
2
(x2

2 − x2
3 + z2

2 − z2
3)(z1 − z2)− (x2

1 − x2
2 + z2

1 − z2
2)(z2 − z3)

(x2 − x3)(z1 − z2)− (x1 − x2)(z2 − z3)
,

zc =
1
2
(x2

1 − x2
2 + z2

1 − z2
2)(x2 − x3)− (x2

2 − x2
3 + z2

2 − z2
3)(x1 − x2)

(x2 − x3)(z1 − z2)− (x1 − x2)(z2 − z3)

(35)

¨ ¥¥ · ¤¨Ê¸

R =
√
(xi − xc)2 + (zi − zc)2, i = 1, 3.
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„µ¶Ê¸É¨³µ¸ÉÓ ¶µ´¨³ ¥É¸Ö ¢ Éµ³ ¸³Ò¸²¥, ÎÉµ ¶·¨´¨³ ÕÉ¸Ö Éµ²Ó±µ É¥ É·¨-
¶²¥ÉÒ, Ê ±µÉµ·ÒÌ Rmin < R < Rmax,   Í¥´É·Ò É ±¦¥ ²¥¦ É ¢ § ¤ ´´µ°
µ¡² ¸É¨. ˆ¤¥Ö ³¥Éµ¤  µ¸´µ¢ ´  ´  Éµ³, ÎÉµ ¢¸¥ ÉµÎ±¨, ¶·¨´ ¤²¥¦ Ð¨¥ ´¥±µ°
µ±·Ê¦´µ¸É¨, ¤µ²¦´Ò µÉµ¡· ¦ ÉÓ¸Ö ¢ µ¤´Ê ÉµÎ±Ê ¢ ¶·µ¸É· ´¸É¢¥ ¶ · ³¥É·µ¢,
É ± ÎÉµ, ¸Ê³³¨·ÊÖ, ³Ò ¤µ²¦´Ò ¶µ²ÊÎ¨ÉÓ ¶¨± ¢ ÔÉµ³ ³¥¸É¥. ˆ§-§  ´ ²¨Î¨Ö
µÏ¨¡µ± ¨§³¥·¥´¨° ÔÉµÉ ¶¨± ´¥¸±µ²Ó±µ · §³ §Ò¢ ¥É¸Ö, ÎÉµ ¸± §Ò¢ eÉ¸Ö ´ 
· §³¥· Ì ¡¨´´¨´£  (· §¡¨¥´¨Ö ´  ÖÎ¥°±¨) ¶·¨ £¨¸Éµ£· ³³¨·µ¢ ´¨¨ ¶µ²ÊÎ ¥-
³ÒÌ ¶ · ³¥É·µ¢.

ƒ¨¸Éµ£· ³³¨·µ¢ ´¨¥ · §Ê³´¥¥ ¢Ò¶µ²´¨ÉÓ ¢ ¤¢  ÔÉ ¶ : ¸´ Î ²  ¸É·µ¨É¸Ö
2D-£¨¸Éµ£· ³³  Í¥´É·µ¢ ¨ ´ Ìµ¤ÖÉ¸Ö ¢¸¥ ¶¨±¨ ¢ ´¥°, ¶·¥¢ÒÏ ÕÐ¨¥ § ¤ ´´Ò°
¶µ·µ£ (¸³. ·¨¸. 11). ‡ É¥³ ¤²Ö ± ¦¤µ£µ ´ °¤¥´´µ£µ Í¥´É·  (xc, zc) ¢Ò¡¨· ÕÉ¸Ö
ÉµÎ±¨ ¢´ÊÉ·¨ ¶µ²µ¸Ò Rmin < ρi < Rmax, ρi =

√
(xi − xc)2 + (zi − zc)2, ¨

É ±¦¥ £¨¸Éµ£· ³³¨·ÊÕÉ¸Ö. Œ ±¸¨³ ²Ó´Ò° ¨§ ¶¨±µ¢ £¨¸Éµ£· ³³Ò ¶·¨´¨³ -
¥É¸Ö §  µÍ¥´±Ê · ¤¨Ê¸ . �·µÍ¥¤Ê·Ò ¢Ò¡µ·  ¶µ·µ£µ¢ ¨ É¥¸É¨·µ¢ ´¨Ö ¶µ²ÊÎ¥´-
´ÒÌ ¶ · ³¥É·µ¢ ¤µ¸É ÉµÎ´µ ¸²µ¦´Ò. 
¥±µÉµ·Ò¥ ·¥±µ³¥´¤ Í¨¨ ³µ¦´µ ´ °É¨
¢ [26,97].

�µ²ÊÎ¨¢ É ±¨³ µ¡· §µ³ ¶·¨¡²¨§¨É¥²Ó´Ò¥ ´ Î ²Ó´Ò¥ §´ Î¥´¨Ö ¶ · ³¥-
É·µ¢ É·¥±µ¢, ³Ò ³µ¦¥³ ´ Î ÉÓ ¨Ì ¶µ¸²¥¤µ¢ É¥²Ó´ÊÕ ·µ¡ ¸É´ÊÕ ¶µ¤£µ´±Ê ¸

�¨¸. 11. 2D-£¨¸Éµ£· ³³  Í¥´É·µ¢ ¤²Ö µ¤´µ£µ É·¥±  ¨§ 10 ÉµÎ¥± ¸µ 100% § ÏÊ³²¥´¨¥³
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ÊÎ¥Éµ³ ²¥¢µ-¶· ¢µ-´¥µ¶·¥¤¥²¥´´µ¸É¨. ‘ ÔÉµ° Í¥²ÓÕ ¤²Ö ± ¦¤µ£µ ¨§ Í¥´É·µ¢
¶·µ¢µ²µ± (xi, zi), µÉµ¡· ´´ÒÌ ¶·¨ · ¸¶µ§´ ¢ ´¨¨ ¢ ³ ¸¸¨¢ ÉµÎ¥± µÎ¥·¥¤´µ£µ
É·¥± , ¶µ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³Ê · ¤¨Ê¸Ê ¤·¥°Ë  ri ¢ÒÎ¨¸²Ö²¨¸Ó ¤¢¥ ¢µ§³µ¦´Ò¥
ÉµÎ±¨ ¶·µÌµ¦¤¥´¨Ö É·¥±  ¢¡²¨§¨ ÔÉµ° ¶·µ¢µ²µ±¨ (x1i, z1i) ¨ (x2i, z1i). �·¨
¶µ¤£µ´±¥ ¶µ É ±µ³Ê Ê¤¢µ¥´´µ³Ê ³´µ¦¥¸É¢Ê ÉµÎ¥± ¢¥¸µ¢Ò¥ ËÊ´±Í¨¨ ·µ¡ ¸É-
´µ£µ ³¥Éµ¤  ¢¨¤  (23) ¶·¨ ¶· ¢¨²Ó´µ ¢Ò¡· ´´µ³ ¶ · ³¥É·¥ cT , ÊÎ¨ÉÒ¢ ÕÐ¥³
± ± ¤¨ ³¥É· É·Ê¡±¨, É ± ¨ µÏ¨¡±Ê ¨§³¥·¥´¨° ri, ¶µ§¢µ²ÖÕÉ  ¢Éµ³ É¨Î¥¸±¨
µ¶·¥¤¥²¨ÉÓ §´ Î¨³µ¸ÉÓ ÔÉ¨Ì ¤¢ÊÌ  ²ÓÉ¥·´ É¨¢´ÒÌ ÉµÎ¥± ¨, ¸µµÉ¢¥É¸É¢¥´´µ,
¢Ò¶µ²´¨ÉÓ ¶µ¤£µ´±Ê ¶µ ´ ¨²ÊÎÏ¥³Ê ¨§ ¢ ·¨ ´Éµ¢.

1.3.4. 
·µ¡²¥³Ò  ² °´³¥´É . ‹Õ¡µ° ¤¥É¥±Éµ· ¸µ¸Éµ¨É ¨§ ³´µ¦¥¸É¢  µÉ-
¤¥²Ó´ÒÌ ¸µ¸É ¢²ÖÕÐ¨Ì ¥£µ Î ¸É¥° Å ¶µ¤¤¥É¥±Éµ·µ¢, ³µ¤Ê²¥°, ¶µ²µ¦¥´¨¥
±µÉµ·ÒÌ ¶·¨ ¸¡µ·±¥ ¢¸¥£µ ¤¥É¥±Éµ·  ´¥¨§¡¥¦´µ ´ ·ÊÏ ¥É¸Ö ¨§-§  ¸²ÊÎ °-
´ÒÌ ¸³¥Ð¥´¨° µÉ ¨Ì ¨¤¥ ²Ó´ÒÌ ¶µ§¨Í¨°, ¶·¥¤Ê¸³µÉ·¥´´ÒÌ ¶·µ¥±Éµ³. ˆ ÌµÉÖ
¶·µ¥±É µ¡ÒÎ´µ £ · ´É¨·Ê¥É µÎ¥´Ó ¢Ò¸µ±ÊÕ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° ¢ ± ¦¤µ³
µÉ¤¥²Ó´µ³ ³µ¤Ê²¥, ÔÉ¨ ¸³¥Ð¥´¨Ö ³µ£ÊÉ ¶·¨¢¥¸É¨ ± §´ Î¨É¥²Ó´Ò³ ¶µÉ¥·Ö³
¢ ÉµÎ´µ¸É¨. ’ ±¨³ µ¡· §µ³, ¢µ§´¨± ¥É § ¤ Î   ² °´³¥´É , ·¥Ï¥´¨¥ ±µÉµ·µ°
¤µ²¦´µ µ¡¥¸¶¥Î¨ÉÓ ¸²¥¤ÊÕÐ¥¥:

• ¨¸¶µ²Ó§ÊÖ ¤ ´´Ò¥ µ¡ÒÎ´ÒÌ ¨§³¥·¥´¨°, µ¶·¥¤¥²¨ÉÓ ¢µ§³µ¦´Ò¥ ¶·µ-
¸É· ´¸É¢¥´´Ò¥ ¤¨¸Éµ·¸¨¨, É. ¥. ¸³¥Ð¥´¨Ö ¨ ¶µ¢µ·µÉÒ Ô²¥³¥´Éµ¢ ¤¥É¥±Éµ· ,
± ¦¤Ò° ¨§ ±µÉµ·ÒÌ · ¸¸³ É·¨¢ ¥É¸Ö Ê¦¥ ± ± ´¥±µ¥ É¢¥·¤µ¥ É¥²µ;

• ¢Ò¶µ²´¨ÉÓ ³ É¥³ É¨Î¥¸±ÊÕ ±µ··¥±Í¨Õ ´ °¤¥´´ÒÌ ¤¨¸Éµ·¸¨° ¸ ¶µ³µ-
ÐÓÕ ¸¶¥Í¨ ²Ó´µ£µ ±µ··¥±É¨·ÊÕÐ¥£µ ¶·¥µ¡· §µ¢ ´¨Ö.

‚ µ¡§µ·¥ [30] µ¶¨¸ ´Ò ¶µÌµ¦¨¥ § ¤ Î¨ ¤²Ö µ¶É¨Î¥¸±¨Ì É·¥±µ¢ÒÌ ¤¥É¥±-
Éµ·µ¢, ´ §Ò¢ ¥³Ò¥ § ¤ Î ³¨ ± ²¨¡·µ¢±¨. ˆÌ Í¥²Ó Å ¨¸¶µ²Ó§µ¢ ÉÓ ¨§³¥·¥´¨Ö
µ¸µ¡µ£µ ÔÉ ²µ´´µ£µ ¨§µ¡· ¦¥´¨Ö ¤²Ö ¶·¥µ¡· §µ¢ ´¨Ö ¨§³¥·Ö¥³ÒÌ ¤¥É¥±Éµ·µ³
¢¥²¨Î¨´ ¨§ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò ±µµ·¤¨´ É ¤¥É¥±Éµ·  ¢ Ê´¨Ë¨Í¨·µ¢ ´´ÊÕ ² -
¡µ· Éµ·´ÊÕ ¸¨¸É¥³Ê ±µµ·¤¨´ É.

‚ ¶·¨´Í¨¶¥, ¶µ ¸ ³µ° ¨¤¥¥ Å ¨¸¶µ²Ó§µ¢ ÉÓ ¤ ´´Ò¥ ¨§³¥·¥´¨° ¤²Ö µ¶·¥-
¤¥²¥´¨Ö ¨ ³ É¥³ É¨Î¥¸±µ° ±µ··¥±Í¨¨ ¤¨¸Éµ·¸¨° ¶·¨¡µ·  Å  ² °´³¥´É ³µ£
¡Ò · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ´¥± Ö · §´µ¢¨¤´µ¸ÉÓ ± ²¨¡·µ¢±¨, µ¤´ ±µ Ë¨§¨±¨
¶·¥¤¶µÎ¨É ÕÉ · §²¨Î ÉÓ ÔÉ¨ ¶µ´ÖÉ¨Ö ± ± ¨§-§  ¢Ò¸µ±µ° ¨¥· ·Ì¨Î´µ¸É¨ § ¤ Î
 ² °´³¥´É , É ± ¨ ¨§-§  Éµ£µ, ÎÉµ ¢ ¡µ²ÓÏ¨Ì Ô²¥±É·µ´´ÒÌ ¤¥É¥±Éµ· Ì ¢³¥¸Éµ
ÔÉ ²µ´  ¶·¨Ìµ¤¨É¸Ö ¶µ²Ó§µ¢ ÉÓ¸Ö ¤ ´´Ò³¨ µ¡ÒÎ´ÒÌ ¨§³¥·¥´¨°. �µ¸±µ²Ó±Ê
¢¥¸Ó ¤¥É¥±Éµ· ³µ¦¥É ¶·¥¤¸É ¢²ÖÉÓ ¸µ¡µ° µ£·µ³´ÊÕ ¨¥· ·Ì¨Î¥¸±ÊÕ ¸¨¸É¥³Ê
¨§ ¡µ²ÓÏµ£µ Î¨¸²  ¸²µ¦´ÒÌ ±µ³¶µ´¥´Éµ¢, ¶·µÍ¥¤Ê·   ² °´³¥´É  É ±¦¥ ´¥¨§-
¡¥¦´µ · ¸¶ ¤ ¥É¸Ö ´  ²µ± ²Ó´Ò¥ ¶·µÍ¥¤Ê·Ò  ² °´³¥´É  ¤²Ö µÉ¤¥²Ó´ÒÌ ¶µ¤-
¤¥É¥±Éµ·µ¢ ¨ ´  £²µ¡ ²Ó´Ò°  ² °´³¥´É ¢¸¥£µ ¤¥É¥±Éµ·  ¢ Í¥²µ³. �µ¤Ìµ¤,
´ §Ò¢ ¥³Ò° DDA (data driven approach), ±µ£¤  ¢ÒÎ¨¸²¥´¨Ö Ê¶· ¢²ÖÕÉ¸Ö ¤ ´-
´Ò³¨, É ±¦¥ Ì · ±É¥·¥´ ¤²Ö § ¤ Î  ² °´³¥´É , ÌµÉÖ µ´ ¶µ ´¥µ¡Ìµ¤¨³µ¸É¨
¨¸¶µ²Ó§Ê¥É¸Ö É¥¶¥·Ó ¨ ¤²Ö ± ²¨¡·µ¢±¨ ´¥±µÉµ·ÒÌ Î ¸É¥° ¤¥É¥±Éµ·µ¢ (± ±,
´ ¶·¨³¥·, ¶·¨ ¶µ²ÊÎ¥´¨¨ ± ²¨¡·µ¢µÎ´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ¢·¥³¥´ ¤·¥°Ë  ¢
¸¨¸É¥³¥ ¤·¥°Ëµ¢ÒÌ ± ³¥· ¢ · ¤¨Ê¸Ò ¤·¥°Ë  [31]).
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‚ ¸¨²Ê ³´µ£µµ¡· §¨Ö ± ± Ô±¸¶¥·¨³¥´Éµ¢ (±µ²² °¤¥·´ÒÌ ¨²¨ ¸ Ë¨±¸¨-
·µ¢ ´´µ° ³¨Ï¥´ÓÕ), É ± ¨ ¸É·Ê±ÉÊ· ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¥É¥±Éµ·µ¢ ¶·¨³¥-
´ÖÕÉ¸Ö · §´Ò¥ ³¥Éµ¤Ò ²µ± ²Ó´µ£µ ¨ £²µ¡ ²Ó´µ£µ  ² °´³¥´É  (¸³., ´ ¶·¨-
³¥·, [32Ä37]).

‡¤¥¸Ó ³Ò µ£· ´¨Î¨³¸Ö ±· É±¨³ µ¶¨¸ ´¨¥³ ¸Ì¥³Ò ²µ± ²Ó´µ£µ  ² °´³¥´É 
¢¥·Ï¨´´µ£µ ¸¨²¨±µ´µ¢µ£µ ¤¥É¥±Éµ·  SVT Ê¸É ´µ¢±¨ STAR, £¤¥ ¨¸¶µ²Ó§µ¢ -
´¨¥ ·µ¡ ¸É´µ¸É¨ ¸Ò£· ²µ ¢ ¦´ÊÕ ·µ²Ó ¢ ¤µ¸É¨¦¥´¨¨ ¢Ò¸µ±µ° ÔËË¥±É¨¢´µ¸É¨
¶·¥¤² £ ¥³µ£µ ³¥Éµ¤ .

’·¥Ì¸²µ°´ Ö ±µ´Ë¨£Ê· Í¨Ö SVT ¢±²ÕÎ ¥É ¢ ¸¥¡Ö 216 ±·¥³´¨¥¢ÒÌ ¤·¥°-
Ëµ¢ÒÌ ± ³¥·, ¸µ¡· ´´ÒÌ ¢ É·¨ ±µ´Í¥´É·¨Î¥¸±¨Ì ¸²µÖ ¢µ±·Ê£ ¶ÊÎ±  ¢´ÊÉ·¨
¢·¥³Ö¶·µ¥±Í¨µ´´µ° ± ³¥·Ò, É ± ÎÉµ ´  ¢´ÊÉ·¥´´¥³, ¸·¥¤´¥³ ¨ ¢´¥Ï´¥³ ¸²µÖÌ
´ Ìµ¤ÖÉ¸Ö 32, 72 ¨ 112 ¶² ¸É¨´ ¸µµÉ¢¥É¸É¢¥´´µ. � ¸¸³ É·¨¢ Ö ± ¦¤ÊÕ ¨§
±·¥³´¨¥¢ÒÌ ¤·¥°Ëµ¢ÒÌ ± ³¥· ± ± É¢¥·¤µ¥ É¥²µ, ¥¥ µ¡Ð¥¥ ¸³¥Ð¥´¨¥ µÉ ¨¤¥-
 ²Ó´µ£µ ¶µ²µ¦¥´¨Ö ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ Ï¥¸ÉÓÕ ¶ · ³¥É· ³¨ (É·¨ ¸³¥Ð¥´¨Ö
¨ É·¨ ¶µ¢µ·µÉ ), ±µÉµ·Ò¥ · ¸¶ ¤ ÕÉ¸Ö ´  Î¥ÉÒ·¥ · §²¨Î´Ò¥ ± É¥£µ·¨¨, · §-
²¨Î´Ò³ µ¡· §µ³ ¢²¨ÖÕÐ¨¥ ´  ¶· ¢¨²Ó´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¶µ²µ¦¥´¨Ö ¢§ ¨³µ-
¤¥°¸É¢¨Ö:

• ¸³¥Ð¥´¨Ö ¢ ¶²µ¸±µ¸É¨ ± ³¥·Ò (¤¢  ¶ · ³¥É· ),
• ¢· Ð¥´¨¥ ¢ ¶²µ¸±µ¸É¨ ± ³¥·Ò (µ¤¨´ ¶ · ³¥É·),
• ¨§³¥´¥´¨e · ¤¨ ²Ó´µ£µ · ¸¸ÉµÖ´¨Ö (µ¤¨´ ¶ · ³¥É·),
• ¢· Ð¥´¨Ö ´¥ ¢ ¶²µ¸±µ¸É¨ ± ³¥·Ò (¤¢  ¶ · ³¥É· ).
•µÉÖ ± ¦¤ Ö ¨§ ¤¥É¥±Éµ·´ÒÌ ¶² ¸É¨´ ¨³¥¥É 6 ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ÎÉµ,

¸µµÉ¢¥É¸É¢¥´´µ, ¤ ¥É 18 ¶ · ³¥É·µ¢, µ¤´ ±µ, ± ± ¶µ± § ´µ ¢ [36], ·¥ ²Ó´µ
³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ Éµ²Ó±µ 9 ¨§ ´¨Ì. „²Ö µ¶·¥¤¥²¥´¨Ö µ¸É ¢Ï¨Ì¸Ö ¶ · -
³¥É·µ¢ É·¥¡Ê¥É¸Ö ¤µ¶µ²´¨É¥²Ó´ Ö ¨´Ëµ·³ Í¨Ö, ¶µ²ÊÎ ¥³ Ö ¢ ¸¨²Ê Éµ£µ, ÎÉµ
É·¥±¨, ¶µ ±µÉµ·Ò³ ¡Ê¤¥É ¢¥¸É¨¸Ó  ² °´³¥´É, ¢ÒÌµ¤ÖÉ ¨§ µ¤´µ° ¢¥·Ï¨´Ò ¨
¶·µÌµ¤ÖÉ µ¤´µ¢·¥³¥´´µ Î¥·¥§ ´¥¸±µ²Ó±µ ± ³¥·. ‘²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ, ÎÉµ ¢
µÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´µ£µ ¶µ²Ö É·¥±¨ ¶·Ö³µ²¨´¥°´Ò, ´µ ¨Ì ¨§³¥·¥´¨Ö ¸µ¤¥·-
¦ É ¶µ£·¥Ï´µ¸É¨, ¢¤µ¡ ¢µ± É·¥¡Ê¥É¸Ö ¥Ð¥ ÊÎ¥¸ÉÓ ¨ ´ ²¨Î¨¥ ³´µ£µ±· É´µ£µ
· ¸¸¥Ö´¨Ö.

Š· É±µ ¶·µÍ¥¤Ê·   ² °´³¥´É  ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´  ¸²¥¤ÊÕÐ¨³ µ¡· -
§µ³ [38]. �Ê¸ÉÓ ¨§³¥·¥´Ò ÉµÎ±¨ (xd, xa), £¤¥ xd ¨ xa Å ¨§³¥·¥´¨¥ ¶µ²µ¦¥-
´¨° ¸µµÉ¢¥É¸É¢¥´´µ ¢ ¤·¥°Ëµ¢µ³ ¨  ´µ¤´µ³ ´ ¶· ¢²¥´¨¨ (É. ¥. ¢ ¶²µ¸±µ¸É¨
¸ ³µ° ¤¥É¥±É¨·ÊÕÐ¥° ¶² ¸É¨´Ò). ˆ¸¶µ²Ó§ÊÖ ÔÉÊ ¨´Ëµ·³ Í¨Õ ´  ®¢Ìµ¤¥¯,
¢´ Î ²¥ ´¥µ¡Ìµ¤¨³µ ¢ÒÎ¨¸²¨ÉÓ É·¥Ì³¥·´Ò¥ ±µµ·¤¨´ ÉÒ ÉµÎ±¨ ¶¥·¥¸¥Î¥´¨Ö
(P ) ¢ ¶·¨´ÖÉµ° £²µ¡ ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É STAR (x, y, z), ¨¸¶µ²Ó§ÊÖ
¨§³¥·¥´´Ò¥ (´ ¡²Õ¤ ¥³Ò¥) ¶µ²µ¦¥´¨Ö ¨ µ·¨¥´É Í¨¨ SVT-¤¥É¥±Éµ· . �µ¸²¥
Î¥£µ § ¤¥°¸É¢Ê¥É¸Ö ¶·µÍ¥¤Ê·  ¢µ¸¸É ´µ¢²¥´¨Ö ¶·Ö³µ²¨´¥°´ÒÌ É·¥±µ¢ ¨ Ëµ·-
³¨·µ¢ ´¨Ö É·¨¶²¥Éµ¢ ÉµÎ¥± (P1, P2, P3). �µ ¶·¨¡²¨§¨É¥²Ó´µ ¶·Ö³Ò³ É·¥± ³,
¢µ¸¸É ´µ¢²¥´´Ò³ É ±¨³ µ¡· §µ³, µ¶·¥¤¥²Ö¥É¸Ö ¶µ²µ¦¥´¨¥ £² ¢´µ° ¢¥·Ï¨´Ò
¸µ¡ÒÉ¨Ö (Vx, Vy, Vz). �µ¸²¥ Î¥£µ É·¥± ¨ ¢¥·Ï¨´  Ë¨É¨·ÊÕÉ¸Ö ¢³¥¸É¥ ¤²Ö
Ê¢¥²¨Î¥´¨Ö ÉµÎ´µ¸É¨ µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ É· ¥±Éµ·¨¨ (É. ¥. ¤²Ö Ê³¥´ÓÏ¥-
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´¨Ö ¸·¥¤´¥£µ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ¶µ¤µ£´ ´´µ° É· ¥±Éµ·¨¥° ¨ ÉµÎ± ³¨ É·¥± ).
’ ±¨³ µ¡· §µ³, ¢ ± Î¥¸É¢¥ µ¸´µ¢´µ£µ ¶µ± § É¥²Ö ± Î¥¸É¢   ² °´³¥´É  ¡Ò² 
¢Ò¡· ´  ¢¥²¨Î¨´  χ2 É·¥±µ¢. „²Ö ¸²ÊÎ Ö ¨¤¥ ²Ó´µ° ¢Ò¸É·µ¥´´µ¸É¨ ¢¸¥Ì ¤¥-
É¥±Éµ·´ÒÌ ¶² ¸É¨´ µ¸É É±¨ ¤µ²¦´Ò ¡ÒÉÓ ¢ ¸·¥¤´¥³ · ¢´Ò ´Ê²Õ,   ¢¥²¨Î¨´ 
É·¥±µ¢µ£µ χ2 ¤µ²¦´  µÉ· ¦ ÉÓ Éµ²Ó±µ ÔËË¥±ÉÒ µ£· ´¨Î¥´´µ£µ ¶µ§¨Í¨µ´´µ£µ
· §·¥Ï¥´¨Ö ¸ ³µ£µ ¤¥É¥±Éµ·  ¨ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö. ƒ¥µ³¥É·¨Î¥¸±¨¥
¶ · ³¥É·Ò ¶² ¸É¨´ ¢ ·Ó¨·µ¢ ²¨¸Ó ¶·¨ ¶µ³µÐ¨ ¡Ò¸É·µ° ¢¥·¸¨¨ ³¥Éµ¤  £· -
¤¨¥´É´µ£µ ¸¶Ê¸±  [38] ¤²Ö µ¶·¥¤¥²¥´¨Ö ´ ¡µ·  ¶ · ³¥É·µ¢, ³¨´¨³¨§¨·ÊÕÐ¨Ì
É·¥±µ¢Ò¥ µ¸É É±¨. �£· ´¨Î¨¢ ÕÐ¥¥ Ê· ¢´¥´¨¥, ¸µ§¤ ¢ ¥³µ¥ ´ ²¨Î¨¥³ µ¡Ð¥°
¢¥·Ï¨´Ò, ¢±²ÕÎ¥´µ Î¥·¥§ ¤µ¡ ¢²¥´¨¥ ÉµÎ±¨ ¶¥·¢¨Î´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ±
± ¦¤µ³Ê É·¥±Ê. ˆÉ¥· Í¨µ´´ Ö ¶·µÍ¥¤Ê·  £· ¤¨¥´É´µ£µ ¸¶Ê¸±  ¶·µ¤µ²¦ ¥É¸Ö
¤µ É¥Ì ¶µ·, ¶µ±  ¢¥²¨Î¨´  É·¥±µ¢µ£µ χ2 ¶·µ¤µ²¦ ¥É Ê³¥´ÓÏ ÉÓ¸Ö, ¶·¥·Ò¢ -
Ö¸Ó, ±µ£¤  ¤ ²Ó´¥°Ï¥¥ ¢ ·Ó¨·µ¢ ´¨¥ ¶ · ³¥É·µ¢ ´¥ ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ³Ê
Ê²ÊÎÏ¥´¨Õ É·¥±µ¢. ‘ ÔÉµ£µ ³µ³¥´É  ¶ · ³¥É·Ò ¶² ¸É¨´ (¶µ§¨Í¨¨ ¨ µ·¨¥´É -
Í¨¨) ¸Î¨É ÕÉ¸Ö ¢ÒÎ¨¸²¥´´Ò³¨ ¨ ¸µÌ· ´ÖÕÉ¸Ö ¢ ¢¨¤¥, É·¥¡Ê¥³µ³ ¤²Ö · ¡µÉÒ
¤·Ê£µ£µ ³ É¥³ É¨Î¥¸±µ£µ µ¡¥¸¶¥Î¥´¨Ö. �·µÍ¥¤Ê·   ² °´³¥´É  ´  ÔÉµ³ ¸Î¨É -
¥É¸Ö § ¢¥·Ï¥´´µ°.

‚ · §· ¡µÉ±¥ ÔÉµ° ¶·µÍ¥¤Ê·Ò ´ ¨¡µ²¥¥ ¸²µ¦´o ¡Ò²µ ¸µ¸É ¢¨ÉÓ ³¨´¨³¨-
§¨·Ê¥³Ò° ËÊ´±Í¨µ´ ², ±µÉµ·Ò° ¤µ²¦¥´ ¡Ò² § ¢¨¸¥ÉÓ µÉ 9 ¶ · ³¥É·µ¢ ± ¦¤µ°
¨§ 216 ±·¥³´¨¥¢ÒÌ ¤·¥°Ëµ¢ÒÌ ± ³¥· ¨ ÊÎ¨ÉÒ¢ ÉÓ µ£· ´¨Î¥´¨Ö, ¸¢Ö§ ´´Ò¥ ¸
É¥³, ÎÉµ ¢¸¥ É·¥±¨ ¸µ¡ÒÉ¨Ö ¢ÒÌµ¤ÖÉ ¨§ µ¤´µ° ¢¥·Ï¨´Ò. Š·µ³¥ Éµ£µ, ¸²¥¤µ¢ ²µ
ÊÎ¨ÉÒ¢ ÉÓ, ÎÉµ ¤¨¸Éµ·¸¨¨ µÉ¤¥²Ó´ÒÌ Ô²¥³¥´Éµ¢ SVT,   É ±¦¥ ¸É É¨¸É¨Î¥¸±¨¥
¶µ£·¥Ï´µ¸É¨ ¨§³¥·¥´¨° § ¶¨¸Ò¢ ²¨¸Ó ¢ ²µ± ²Ó´µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É ÔÉµ£µ
Ô²¥³¥´É , ´µ ¢ ËÊ´±Í¨µ´ ² µ´¨ ¤µ²¦´Ò ¡Ò²¨ ¢Ìµ¤¨ÉÓ, ¡Ê¤ÊÎ¨ ¶¥·¥¢¥¤¥´´Ò³¨
¢ µ¡ÐÊÕ ¤²Ö ¤¥É¥±Éµ·  ¸¨¸É¥³Ê ±µµ·¤¨´ É. ‘ ÊÎ¥Éµ³ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ-
¸É¨ ¸µ¡ÒÉ¨° ¢ Ô±¸¶¥·¨³¥´É¥ STAR ¨ Ê¶µ³¨´ ¢Ï¥£µ¸Ö ´ ²¨Î¨Ö ¶µ£·¥Ï´µ¸É¥°
¨§³¥·¥´¨° ¨ Ëµ´µ¢ÒÌ µÉ¸Î¥Éµ¢ ¨¸¶µ²Ó§µ¢ ²¸Ö ·µ¡ ¸É´Ò° ËÊ´±Í¨µ´ ² ¸ ¢¥-
¸µ¢µ° ËÊ´±Í¨¥° ’ÓÕ±¨ (23).

Š ± ¢¨¤´µ ¨§ É ¡². 1 [38], ·µ¡ ¸É´Ò° ¶µ¤Ìµ¤ ¤ ¥É §´ Î¨É¥²Ó´µ ²ÊÎÏ¥¥
· §·¥Ï¥´¨¥ ¶µ ± ¦¤µ° ±µµ·¤¨´ É¥.

„¥É ²¨ ³´µ£µ¶ · ³¥É·¨Î¥¸±µ° ³¨´¨³¨§ Í¨¨ ¸¨²Ó´µ ´¥²¨´¥°´µ£µ ËÊ´±-
Í¨µ´ ²  ³µ¦´µ ´ °É¨ ¢ [38,39,100].

’ ¡²¨Í  1. ’µÎ´µ¸ÉÓ ¢µ¸¸É ´µ¢²¥´¨Ö ¢¥·Ï¨´Ò

Œ¥Éµ¤ σx, ³±³ σy , ³±³ σz , ³±³

�·µ¸Éµ° 23,43 10,35 10,91

�µ¡ ¸É´Ò° 7,15 4,92 5,36
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2. ��ˆŒ…�…�ˆ… �…‰�	��›• ‘…’…‰

‚ ¶µ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö ·¥§±µ ¢µ§·µ¸²µ Î¨¸²µ ¨¸¸²¥¤µ¢ ´¨° ¶µ ¶·¨³¥´¥-
´¨Õ ¨¸±Ê¸¸É¢¥´´ÒÌ ´¥°·µ´´ÒÌ ¸¥É¥° (ˆ
‘) ¢ ¸ ³ÒÌ · §²¨Î´ÒÌ µ¡² ¸ÉÖÌ Å
É¥Ì´¨±¥, £¥µ²µ£¨¨, ³¥¤¨Í¨´¥, ¡¨§´¥¸¥ ¨ µ¸µ¡¥´´µ ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨-
§¨±¥, £¤¥ ˆ
‘ Ï¨·µ±µ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö  ´ ²¨§  ¤ ´´ÒÌ. ‘¥±Í¨¨ ´¥°·µ´´ÒÌ
¸¥É¥° ¶µÖ¢²ÖÕÉ¸Ö ¢ ¶·µ£· ³³ Ì ¶· ±É¨Î¥¸±¨ ¢¸¥Ì ±µ´Ë¥·¥´Í¨°, ¶µ¸¢ÖÐ¥´-
´ÒÌ ¶·¨³¥´¥´¨Õ ¨c±Ê¸cÉ¢¥´´µ£µ ¨´É¥²²¥±É  ¨²¨ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ³ Ï¨´ ¢
Ë¨§¨±¥, · ¸É¥É Î¨¸²µ ¶Ê¡²¨± Í¨° µ ¶·¨²µ¦¥´¨ÖÌ ´¥°·µ´´ÒÌ ¸¥É¥° ¢ É ±¨Ì
¢¥¤ÊÐ¨Ì Ë¨§¨Î¥¸±¨Ì ¦Ê·´ ² Ì, ± ± ®Nuclear Instruments and Methods¯ ¨²¨
®Computer Physics Communications¯. ‘µ ¢·¥³¥´¨ ¢ÒÌµ¤  µ¡§µ·  ¶µ ¶·¨³¥-
´¥´¨Õ ˆ
‘ ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨§¨±¥ [40] Éµ²Ó±µ ¸µÉ·Ê¤´¨± ³¨ �ˆŸˆ
¢Ò¶ÊÐ¥´µ ¸¢ÒÏ¥ ¸µ·µ±  ¶Ê¡²¨± Í¨° ¶µ ÔÉµ° É¥³ É¨±¥. 
 ¨¡µ²¥¥ ¨´É¥·¥¸´Ò¥
¨§ ´¨Ì · ¸¸³µÉ·¥´Ò ¢ ´ ¸ÉµÖÐ¥³ · §¤¥²¥.


 ¶µ³´¨³ ¢±· ÉÍ¥ µ¡ µ¸´µ¢´ÒÌ ¶µ´ÖÉ¨ÖÌ ˆ
‘ (¸³., ´ ¶·¨³¥·, [40]):
• ´¥°·µ´Ò ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶·µ¸ÉÒ¥ ²µ£¨Î¥¸±¨¥ Ê¸É·µ°¸É¢ , Ì · ±É¥-

·¨§Ê¥³Ò¥
Å Ê·µ¢´¥³  ±É¨¢ Í¨¨;
Å Éµ¶µ²µ£¨¥° ¸¢Ö§¥° ´¥°·µ´µ¢ ¤·Ê£ ¸ ¤·Ê£µ³;
Å ³¥·µ° ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤·Ê£¨³¨ ´¥°·µ´ ³¨, ´ §Ò¢ ¥³µ° ¸¨´ ¶É¨Î¥-

¸±µ° ¸¨²µ° ¸¢Ö§¨ ¨²¨ ¢¥¸µ³. ‚¥¸  ÔÉ¨Ì ¸¢Ö§¥° · §²¨Î´Ò ¨ ³µ£ÊÉ µ¶·¥¤¥²ÖÉÓ¸Ö
¢ § ¢¨¸¨³µ¸É¨ µÉ ·¥Ï ¥³µ° § ¤ Î¨;

Å ¢ÒÌµ¤´Ò³ Ê·µ¢´¥³, ±µÉµ·Ò° ¸¢Ö§ ´ ¸ Ê·µ¢´¥³  ±É¨¢ Í¨¨ ¶µ¸·¥¤¸É¢µ³
´¥±µÉµ·µ° ËÊ´±Í¨¨ µ¡ÒÎ´µ ¸¨£³µ¨¤ ²Ó´µ£µ É¨¶ ;

• ¢¸Ö ¸¨¸É¥³  ¸µ¸Éµ¨É ¨§ µÎ¥´Ó ¡µ²ÓÏµ£µ Î¨¸²  µ¤¨´ ±µ¢ÒÌ ´¥°·µ´µ¢,
¶·¨Î¥³ ·¥§Ê²ÓÉ É · ¡µÉÒ ˆ
‘ ³ ²µ ÎÊ¢¸É¢¨É¥²¥´ ± Ì · ±É¥·¨¸É¨± ³ ±µ´-
±·¥É´µ£µ ´¥°·µ´ ;

• ¸¨¸É¥³  ¤µ¶Ê¸± ¥É ¢µ§³µ¦´µ¸ÉÓ ¶ · ²²¥²Ó´µ° µ¡· ¡µÉ±¨ ¨´Ëµ·³ Í¨¨.
’ ±¨³ µ¡· §µ³, ¥¸²¨ µ¡µ§´ Î¨ÉÓ ¸¨£´ ², ¨¸Ìµ¤ÖÐ¨° µÉ k-£µ ´¥°·µ´  ¸¥É¨,
± ± xk , ¢¥¸ ¸¨´ ¶É¨Î¥¸±µ° ¸¢Ö§¨ j-£µ ¨ k-£µ ´¥°·µ´µ¢ Å ± ± wjk , Éµ µ¡Ð¨°
¢Ìµ¤´µ° ¸¨£´ ², ¶µ¸ÉÊ¶ ÕÐ¨° ´  j-° ´¥°·µ´, · ¢¥´

hj =
∑
k

wjkxk. (36)

‚ÒÌµ¤´µ° ¸¨£´ ² j-£µ ´¥°·µ´  ¶µ²ÊÎ ¥É¸Ö ¶ÊÉ¥³ ¢µ§¤¥°¸É¢¨Ö ´  ÔÉµÉ ¸Ê³³ ·-
´Ò° ¸¨£´ ²  ±É¨¢ Í¨µ´´µ° ËÊ´±Í¨¥°

yj = g(hj), (37)

£¤¥ g(u) Å ²¨¡µ ¶µ·µ£µ¢ Ö ËÊ´±Í¨Ö, ²¨¡µ ¸¦¨³ ÕÐ Ö ËÊ´±Í¨Ö ¸¨£³µ¨¤ ²Ó-
´µ£µ ¢¨¤ 

g(u) =
1

1 + e−uλ
, (38)

± ± ´  ·¨¸. 12.
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�¨¸. 12. �¡Ð¨° ¢¨¤  ±É¨¢ Í¨-
µ´´µ° ËÊ´±Í¨¨ ¢ § ¢¨¸¨³µ¸É¨
µÉ ¶ · ³¥É·  λ

�¨¸. 13. ‘Ì¥³  É·¥Ì¸²µ°´µ£µ ¶¥·¸¥¶-
É·µ´ 

Š²ÕÎ¥¢Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ ¸¥É¨ Ö¢²ÖÕÉ¸Ö É¨¶ ¸¢Ö§¥° ³¥¦¤Ê ´¥°·µ-
´ ³¨ ¨ ¤¨´ ³¨±  Ô¢µ²ÕÍ¨¨ ¸¥É¨, µ¶·¥¤¥²Ö¥³ Ö ËÊ´±Í¨¥°  ±É¨¢ Í¨¨ ´¥°·µ-
´µ¢ ¨ ¶· ¢¨²µ³ ¨§³¥´¥´¨Ö ¢¥¸µ¢ ¢ ¶·µÍ¥¸¸¥ ÔÉµ° Ô¢µ²ÕÍ¨¨.

ˆ
‘, ´ ¨¡µ²¥¥ · ¸¶·µ¸É· ´¥´´Ò¥ ¢ Ë¨§¨±¥, µ¶·¥¤¥²ÖÕÉ¸Ö ¤¢Ê³Ö É¨¶ ³¨
¸¢Ö§¥°: ¶·Ö³µÉµÎ´Ò¥ ¸¥É¨ ¡¥§ µ¡· É´ÒÌ ¸¢Ö§¥°, ´ ¶·¨³¥·, ³´µ£µ¸²µ°´Ò¥ ¶¥·-
¸¥¶É·µ´Ò (Œ‘�) (¸³. ·¨¸.13), ¨ ¶µ²´µ¸¢Ö§´Ò¥ ¸¥É¨, ¢ ±µÉµ·ÒÌ ¢¸¥ ´¥°·µ´Ò
¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£µ³, ± ± ¢ ´¥°·µ´´µ° ¸¥É¨ •µ¶Ë¨²¤  (•
‘).


¥°·µ´´Ò¥ ¸¥É¨ Ê¸¶¥Ï´µ ¶·¨³¥´ÖÕÉ¸Ö ¢¥§¤¥, £¤¥ ´Ê¦´µ ·¥Ï ÉÓ § ¤ Î¨
±² ¸¸¨Ë¨± Í¨¨, ¶·µ£´µ§¨·µ¢ ´¨Ö ¨²¨ · ¸¶µ§´ ¢ ´¨Ö. �ÉµÉ Ê¸¶¥Ì µ¶·¥¤¥²Ö-
¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢µ§³µ¦´µ¸ÉÖ³¨.

• ˜¨·µ±¨° ¸¶¥±É· ·¥Ï ¥³ÒÌ § ¤ Î. �·¨³¥´¥´¨¥ ˆ
‘ ´µ¸¨É ¶µ¨¸É¨´¥
³¥¦¤¨¸Í¨¶²¨´ ·´Ò° Ì · ±É¥·, É. ±. ¶µ§¢µ²Ö¥É Ê¸¶¥Ï´µ ·¥Ï ÉÓ:

Å ³´µ£¨¥ ´¥²¨´¥°´Ò¥ § ¤ Î¨, ¢ Éµ ¢·¥³Ö ± ± ±² ¸¸¨Î¥¸±¨¥ ¢ÒÎ¨¸²¨É¥²Ó-
´Ò¥ ³¥Éµ¤Ò, ± ± ¶· ¢¨²µ, ¶·¥¤¶µ² £ ÕÉ ²¨´¥°´µ¸ÉÓ § ¤ Î, ¨²¨, ¥¸²¨ ¨ ¤µ¶Ê¸-
± ÕÉ ´¥²¨´¥°´µ¸ÉÓ, Éµ ¸ µ£· ´¨Î¥´¨Ö³¨ ¶µ ¢¥²¨Î¨´¥, ÎÉµ¡Ò £ · ´É¨·µ¢ ÉÓ
¸Ìµ¤¨³µ¸ÉÓ · §²¨Î´ÒÌ ¨É¥· Í¨µ´´ÒÌ ¶·µÍ¥¤Ê·;

Å § ¤ Î¨ ¸ ¤ ´´Ò³¨ ¸ÉµÌ ¸É¨Î¥¸±µ° ¶·¨·µ¤Ò. �µ¡ ¸É´µ¸ÉÓ ˆ
‘ ¶·µ-
Ö¢²Ö¥É¸Ö ¡² £µ¤ ·Ö ¢µ§³µ¦´µ¸É¨ ¨Ì µ¡ÊÎ¥´¨Ö ´  ¡µ²ÓÏµ³ Î¨¸²¥ É·¥´¨·µ¢µÎ-
´ÒÌ ¢Ò¡µ·µ±.

• ‘· ¢´¨É¥²Ó´ Ö ¶·µ¸ÉµÉ  ¸É·Ê±ÉÊ·Ò ˆ
‘ ¨ ¶·µ¸ÉµÉ  ¶·¨³¥´¥´¨Ö. �Éµ
µ¸µ¡¥´´µ ± ¸ ¥É¸Ö Ë¨§¨±¨, £¤¥ µ¡ÒÎ´µ ±¢ ²¨Ë¨± Í¨¨ ¤¨¶²µ³¨·µ¢ ´´µ£µ Ë¨-
§¨± -Ô±c¶¥·¨³¥´É Éµ·  ¢¶µ²´¥ Ì¢ É ¥É ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¶·µ£· ³³´µ° ¨²¨
¸Ì¥³´µ° ·¥ ²¨§ Í¨¨ ˆ
‘, ¨ ´¥ ¢µ§´¨± ¥É ¶·µ¡²¥³ ¸ ³µ¤¥²¨·µ¢ ´¨¥³ ´¥µ¡-
Ìµ¤¨³µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¤ ´´ÒÌ, É·¥¡Ê¥³ÒÌ ¤²Ö µ¡ÊÎ¥´¨Ö ¸¥É¨.
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�·µ¸ÉµÉ  ¸É·Ê±ÉÊ·Ò ˆ
‘ É¨¶  ³´µ£µ¸²µ°´µ£µ ¶¥·¸¥¶É·µ´  ¸É¨³Ê²¨·µ-
¢ ²  ³´µ£¨Ì ¨¸¸²¥¤µ¢ É¥²¥° ´  ¸µ§¤ ´¨¥ Ê´¨¢¥·¸ ²Ó´ÒÌ ¶ ±¥Éµ¢ ¤²Ö £¥´¥· -
Í¨¨ Œ‘� ¶µ § ¤ ´´µ³Ê Î¨¸²Ê ¸²µ¥¢ ¨ ´¥°·µ´µ¢ ¢ ´¨Ì, ¶µ§¢µ²ÖÕÐ¨Ì É ±¦¥
·¥ ²¨§µ¢ ÉÓ µ¤¨´ ¨§ ³¥Éµ¤µ¢ µ¡ÊÎ¥´¨Ö ¸¥É¨. �·¨³¥Î É¥²Ó´µ, ÎÉµ µ¤¨´ ¨§ ¶¥·-
¢ÒÌ É ±¨Ì ´¥°·µ¶ ±¥Éµ¢ ¶·µ£· ³³ JETNET ¡Ò² · §· ¡µÉ ´ ¨³¥´´µ Ë¨§¨± ³¨
¨§ ‹Ê´¤¸±µ£µ Ê´¨¢¥·¸¨É¥É  [41]∗.

�µ ÔÉ¨³ ¦¥ ¶·¨Î¨´ ³ ´¥¸±µ²Ó±¨³ Ô²¥±É·µ´´Ò³ Ë¨·³ ³ Ê¦¥ ¢ ´ Î ²¥
90-Ì ££. Ê¤ ²µ¸Ó µ¸ÊÐ¥¸É¢¨ÉÓ  ¶¶ · É´Ò¥ ·¥ ²¨§ Í¨¨ ˆ
‘ Ï¨·µ±µ£µ ¶·¨³¥´¥-
´¨Ö ¢ ¢¨¤¥ ¨´É¥£· ²Ó´ÒÌ Î¨¶µ¢, · ¡µÉ ÕÐ¨Ì ¶ · ²²¥²Ó´µ ¨ ¤µ¶Ê¸± ÕÐ¨Ì ´ -
¸É·µ°±Ê ¸¥É¨ ´  § · ´¥¥ ¸³µ¤¥²¨·µ¢ ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ (¸³., ´ ¶·¨³¥·, [85]
¨²¨ µ¡§µ· [42]). ‡´ Î¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢µ ¸É É¥° ¶µ ¶·¨³¥´¥´¨Õ · §²¨Î´ÒÌ
´¥°·µÎ¨¶µ¢ (ETANN, TOTEM, ZISC036) ¨ ¤ ¦¥ ¸¶¥Í¨ ²Ó´µ£µ  ²£µ·¨É³¨Î¥-
¸±µ£µ Ö§Ò±  CNAPS ¤²Ö Ê¶· ¢²¥´¨Ö ¨³¨ ³µ¦´µ ´ °É¨ ¢ ¸¶¥Í¨ ²Ó´µ³ ¢Ò¶Ê¸±¥
¦Ê·´ ²  ®Nuclear Instruments & Methods in Physics Research¯ [43].

2.1. �·¨³¥´¥´¨¥ ³´µ£µ¸²µ°´ÒÌ ¶¥·¸¥¶É·µ´µ¢. � ¸¸³µÉ·¨³, ± ± ³µ¦´µ
µ¡ÊÎ¨ÉÓ Œ‘� ¤²Ö ±² ¸¸¨Ë¨± Í¨¨ ¨²¨ · ¸¶µ§´ ¢ ´¨Ö. ‚Ìµ¤´µ³Ê ¢¥±Éµ·Ê
x = (x1, x2, . . . , xn) = {xinp} Œ‘� ¸É ¢¨É ¢ ¸µµÉ¢¥É¸É¢¨¥ ¢ÒÌµ¤´µ° ¢¥±Éµ·
y = {yj}. 
 ¶·¨³¥·, ¤²Ö É·¥Ì¸²µ°´µ£µ ¶¥·¸¥¶É·µ´  ¢Ìµ¤´Ò¥ ¸¨£´ ²Ò ¸´ Î ² 
¶·¥µ¡· §ÊÕÉ¸Ö ¢ ´¥°·µ´ Ì ¸±·ÒÉµ£µ ¸²µÖ ± ±

hk = g(Hk), Hk =
∑
i

wikxi; (39)

  ¶µÉµ³ ¸¨£´ ²Ò µÉ ´¥°·µ´µ¢ ¸±·ÒÉµ£µ ¸²µÖ ¶·¥µ¡· §ÊÕÉ¸Ö ´¥°·µ´ ³¨ ¢Ò-
Ìµ¤´µ£µ ¸²µÖ ± ±

yj = g(Hj), Hj =
∑
k

wkjhk. (40)

�Éµ ¶·¥µ¡· §µ¢ ´¨¥ x ⇒ y ¶µ²´µ¸ÉÓÕ µ¶¨¸Ò¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¸¨´ ¶-
É¨Î¥¸±¨Ì ¢¥¸µ¢ {wik}, {wkj}, ±µÉµ·Ò¥ ¨ ¤µ²¦´Ò ¡ÒÉÓ ´ °¤¥´Ò, ÎÉµ¡Ò ¨¸-
¶µ²Ó§µ¢ ÉÓ Œ‘� ¤²Ö ·¥Ï¥´¨Ö ± ±µ°-Éµ ±µ´±·¥É´µ° § ¤ Î¨. ‚¥¸  ³µ¦´µ µ¶·¥-
¤¥²¨ÉÓ, ¥¸²¨ ¨³¥¥É¸Ö ´ ¡µ· ¤ ´´ÒÌ ¸ Ê¦¥ ¨§¢¥¸É´Ò³¨ ¸¢µ°¸É¢ ³¨, É ± ´ §Ò-
¢ ¥³ Ö µ¡ÊÎ ÕÐ Ö ¢Ò¡µ·± , ¸µ¸ÉµÖÐ Ö ¨§ ¶ · ¢¥±Éµ·µ¢ ({xi}(m), {zj}(m)),
m = 1,M , £¤¥ M Å µ¡Ñ¥³ É ±µ° ¢Ò¡µ·±¨. �¡ÊÎ¥´¨¥ Œ‘� ´ ¨¡µ²¥¥ Î ¸Éµ
¶·¨³¥´Ö¥³Ò³ ³¥Éµ¤µ³ µ¡· É´µ£µ · ¸¶·µ¸É· ´¥´¨Ö µÏ¨¡µ± (���) µ¸´µ¢ ´µ
´  ¸· ¢´¥´¨¨ ¢¥±Éµ·µ¢ ÔÉ¨Ì ¶ ·, É. ¥. ¨§¢¥¸É´µ£µ ·¥§Ê²ÓÉ É  ±² ¸¸¨Ë¨± Í¨¨

∗�¤´µ° ¨§ ´ ¨¡µ²¥¥ ·¥±² ³¨·Ê¥³ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¤µ¸ÉÊ¶´ÒÌ ¢ �µ¸¸¨¨ ¶·µ£· ³³ £¥´¥-
· Í¨¨ ˆ
‘ ¸ · ¸Ï¨·¥´´Ò³¨ ¸·¥¤¸É¢ ³¨ ¶·¥¶·µÍ¥¸¸¨´£  ¤ ´´ÒÌ ¸Î¨É ¥É¸Ö ±µ³³¥·Î¥¸±¨° ¶ ±¥É
®Statistica Neural Network¯, ¶µ¸É ¢²Ö¥³Ò° Ë¨·³µ° ®StatSoft. Inc¯ (¸³. http://www.statsoft.ru).
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z(m) ¨ ¢ÒÌµ¤  Œ‘� y(m) ¸ ¶µ³µÐÓÕ ±¢ ¤· É¨Î´µ£µ ËÊ´±Í¨µ´ ² 

E =
∑
m

∑
j

(y(m)
j − z

(m)
j )2 ⇒ min, (41)

c ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢¥¸µ¢ {wik}, {wkj} ± ± ³¨´¨³¨§ Í¨µ´´Òx ¶ · ³¥É·µ¢. �¥-
Ï¥´¨¥ µ¡ÒÎ´µ ¢Ò¶µ²´Ö¥É¸Ö ³¥Éµ¤µ³ ´ ¨¸±µ·¥°Ï¥£µ ¸¶Ê¸± . �·¨· ¢´¨¢ Ö ±
´Ê²Õ ¶·µ¨§¢µ¤´Ò¥ (41) ¶µ ¢¥¸µ¢Ò³ ¶ · ³¥É· ³, ¶µ²ÊÎ ¥³ ¨É¥· Í¨µ´´Ò¥ ¶· -
¢¨²  ¨§³¥´¥´¨Ö ¢¥¸µ¢ ´  ± ¦¤µ° Ô¶µÌ¥ µ¡ÊÎ¥´¨Ö t:

∆w(t)
kj = −η(y(n)

i − z
(t−1)
i )g′(y(t−1)

i )h(m)
k (42)

¤²Ö ¢¥¸µ¢ ¢ÒÌµ¤´µ£µ ¸²µÖ ¨

∆w(t)
ik = −η

∑
i

wkjg
′(y(t−1)

j )g′(h(t−1)
k )x(t−1)

k (43)

¤²Ö ¢¥¸µ¢ ¸±·ÒÉµ£µ ¸²µÖ. ‡¤¥¸Ó η Å ¶ · ³¥É· ¸±µ·µ¸É¨ µ¡ÊÎ¥´¨Ö [44].
‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¶·µ¡²¥³  Ê¸±µ·¥´¨Ö µ¡ÊÎ¥´¨Ö Œ‘� Ö¢²Ö¥É¸Ö ¢¥¸Ó³ 

¢ ¦´µ° ¢ ¶· ±É¨Î¥¸±¨Ì ¶·¨²µ¦¥´¨ÖÌ. ‘·¥¤¨ ³´µ£¨Ì ¨§¢¥¸É´ÒÌ ¸¶µ¸µ¡µ¢ ¥¥
·¥Ï¥´¨Ö µÉ³¥É¨³ ¸²¥¤ÊÕÐ¨¥:

• ¨¸¶µ²Ó§µ¢ ´¨e ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ³¥Éµ¤µ¢ Ê¸±µ·¥´¨Ö ³¨´¨³¨§ Í¨¨ Í¥²¥-
¢µ£µ ËÊ´±Í¨µ´ ²  ¸¥É¨;

• ¶·¥µ¡· §µ¢ ´¨¥ ¨¸Ìµ¤´ÒÌ ¤ ´´ÒÌ ¸ Í¥²ÓÕ ¶µ¢ÒÏ¥´¨Ö ¨Ì ¨´Ëµ·³ É¨¢-
´µ¸É¨;

• µ¶É¨³¨§ Í¨Ö ¸É·Ê±ÉÊ·Ò Œ‘� ¤²Ö ¸µ±· Ð¥´¨Ö Î¨¸²  ´¥°·µ´µ¢ ´  ¢¸¥Ì
¸²µÖÌ (£² ¢´Ò³ µ¡· §µ³, ¢ ¸±·ÒÉµ³ ¸²µ¥) ¨, ¸µµÉ¢¥É¸É¢¥´´µ, Î¨¸²  ¸¢Ö§¥°
³¥¦¤Ê ´¨³¨, É. ¥. Î¨¸²  ¢¥¸µ¢, ¶µ ±µÉµ·Ò³ ¢¥¤¥É¸Ö ³¨´¨³¨§ Í¨Ö;

• ¸³¥´Ò ¸ ³µ£µ ¸¶µ¸µ¡  · §¡¨¥´¨Ö ¶·µ¸É· ´¸É¢  ¶·¨§´ ±µ¢ ¶·¨ ±² ¸¸¨-
Ë¨± Í¨¨, ´ ¶·¨³¥·, ¶ÊÉ¥³ ¶¥·¥Ìµ¤  ± É ± ´ §Ò¢ ¥³Ò³ RBF-¸¥ÉÖ³ (RBF Å
radial basis function).

� ¸¸³µÉ·¨³ ÔÉ¨ ³¥Éµ¤Ò ¶µ¤·µ¡´¥¥.
2.1.1. Œ¥Éµ¤Ò ³¨´¨³¨§ Í¨¨ Í¥²¥¢µ£µ ËÊ´±Í¨µ´ ²  ˆ<‘, µÉ²¨Î´Ò¥ µÉ

£· ¤¨¥´É´µ£µ. �µ¸±µ²Ó±Ê ¢ § ¢¨¸¨³µ¸É¨ µÉ ¨¸Ìµ¤´ÒÌ ¤ ´´ÒÌ ¶µ¢¥·Ì´µ¸ÉÓ
ËÊ´±Í¨µ´ ²  (41) ³µ¦¥É ¨³¥ÉÓ ´¥·¥£Ê²Ö·´µ¸É¨ É¨¶  µ¢· £µ¢, ¶·¥¤² £ ²µ¸Ó ´¥-
¸±µ²Ó±µ ¸¶µ¸µ¡µ¢ ³¨´¨³¨§ Í¨¨ ¨ ¢ ÔÉ¨Ì ¸¨ÉÊ Í¨ÖÌ: ³¥Éµ¤ ¸µ¶·Ö¦¥´´ÒÌ £· -
¤¨¥´Éµ¢, ³¥Éµ¤ ‹¥¢¥´¡¥·£ ÄŒ ·± ·  [45,46] ¨²¨ ¤µ¡ ¢²¥´¨¥ ± ¶· ¢Ò³ Î ¸ÉÖ³

Ê· ¢´¥´¨° (42), (43) ·¥£Ê²Ö·¨§ Í¨µ´´ÒÌ ∆-±µ··¥±Í¨° ¢¥¸µ¢ ¢¨¤  α∆w(m)
ik ¨

α∆w(m)
kj c α < 1.
Œ¥Éµ¤ ��� ¸ ¶µ¤µ¡´Ò³¨ ∆-±µ··¥±Í¨Ö³¨ ¶·¨³¥´Ö²¸Ö ¢ · ¡µÉ¥ [47] ¤²Ö

µÉ¡µ·  ¸µ¡ÒÉ¨° ¸ B-³¥§µ´ ³¨ ¢ ± ²µ·¨³¥É·¨Î¥¸±µ³ É·¨££¥·¥,   É ±¦¥ ¢ [48]
¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ¶µ²¥§´ÒÌ ¸µ¡ÒÉ¨° ¢ Ô±¸¶¥·¨³¥´É¥ DISTO.
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‚ · ¡µÉ¥ [49] ¡Ò²µ ¶·µ¢¥¤¥´µ ¸· ¢´¨É¥²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ± Î¥¸É¢  µ¡Ê-
Î¥´¨Ö ¸ ¶µ³µÐÓÕ µ¡ÒÎ´µ£µ ���-³¥Éµ¤  ´ ¨¸±µ·¥°Ï¥£µ ¸¶Ê¸± , ·¥ ²¨§µ¢ ´-
´µ£µ ¢ ¶·µ£· ³³¥ JETNET [41], ¨ ¶µ¤Ìµ¤ , µ¸´µ¢ ´´µ£µ ´  ¨¸¶µ²Ó§µ¢ ´¨¨
³¥Éµ¤  ´ÓÕÉµ´µ¢¸±µ£µ É¨¶ , ¶·¨ ±µÉµ·µ³ ¢¥¸µ¢Ò¥ ¶µ¶· ¢±¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ± ±

∆w = −η(�2E)−1 �E, (44)

£¤¥ £¥¸¸¨ ´ �2E ¢ÒÎ¨¸²Ö¥É¸Ö ¨§

∂2E

∂wik∂wkj
= yi

∂hk
∂wik

+ hk
∂yj
∂wkj

.

‚ Î¨¸Éµ³ ¢¨¤¥ ÔÉµÉ ³¥Éµ¤ ´¥¶·¨³¥´¨³ ¤²Ö ¤ ´´µ° § ¤ Î¨, ¶µ¸±µ²Ó±Ê £¥¸¸¨ ´
³µ¦¥É ¢Ò·µ¦¤ ÉÓ¸Ö ¢¡²¨§¨ ³¨´¨³Ê³ , ÎÉµ ¢¥¤¥É ± ´¥±µ··¥±É´µ¸É¨ § ¤ Î¨.
�µ¶ÒÉ±¨ ¶·¨³¥´¨ÉÓ ·¥£Ê²Ö·¨§ Í¨Õ ¸ ³ ²Ò³ ¶ · ³¥É·µ³ α [51] ´¥ ¶·¨¢¥²¨
± ·¥§Ê²ÓÉ ÉÊ ²ÊÎÏ¥³Ê, Î¥³ ¢ JETNET. ‡ ¤ ÎÊ Ê¤ ²µ¸Ó ·¥Ï¨ÉÓ ¶ÊÉ¥³ § ³¥´Ò
Ëµ·³Ê²Ò (44) ´ 

∆w = −ηH−1 �E,

£¤¥ ³ É·¨Í  H ´¥¢Ò·µ¦¤¥´  ¨ ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´ : H = �2E + µI ¸
É ±¨³ µ, ÎÉµ¡Ò £ · ´É¨·µ¢ ÉÓ, ÎÉµ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ H ≥ δ > 0. ‚Ò¡µ·
δ = 1 ¤ ² ²ÊÎÏ¨°, Î¥³ ¤²Ö ���, ·¥§Ê²ÓÉ É ¶·¨ µ¡ÊÎ¥´¨¨ ´¥°·µ¸¥É¨, ÌµÉÖ ¨
¶µÉ·¥¡µ¢ ² ¡µ²ÓÏ¨Ì § É· É ±µ³¶ÓÕÉ¥·´µ£µ ¢·¥³¥´¨.

‚ ¤ ²Ó´¥°Ï¥³ ¢ § ¤ Î¥ · ¸¶µ§´ ¢ ´¨Ö B-³¥§µ´µ¢ ¶µ ¤ ´´Ò³ ¢¥·Ï¨´´µ£µ
¤¥É¥±Éµ·  ¢ Ô±¸¶¥·¨³¥´É¥ Œ—‘ ÔÉµÉ ¶µ¤Ìµ¤ ¶µ§¢µ²¨² ¶·¥¤²µ¦¨ÉÓ  ²£µ·¨É³,
¸µ±· Ð ÕÐ¨° Ëµ´µ¢Ò¥ ¶·µÍ¥¸¸Ò ¶·¨³¥·´µ ¢ 40 · § [52].

2.1.2. 
·¥µ¡· §µ¢ ´¨¥ ¨¸Ìµ¤´ÒÌ ¤ ´´ÒÌ ¤²Ö ¶µ¢ÒÏ¥´¨Ö ¨Ì ¨´Ëµ·³ É¨¢-
´µ¸É¨. “¤ Î´Ò° ¢Ò¡µ· ¶¥·¥³¥´´ÒÌ, ¶µ¤ ¢ ¥³ÒÌ ´  ¢Ìµ¤ Œ‘�, Î ¸Éµ Ö¢²Ö-
¥É¸Ö µ¶·¥¤¥²ÖÕÐ¨³ ³µ³¥´Éµ³ ¤²Ö Ê¸¶¥Ï´µ£µ ·¥Ï¥´¨Ö § ¤ Î¨. 
¥¸³µÉ·Ö ´ 
Éµ, ÎÉµ Ê Ë¨§¨±µ¢, ± ± ¶· ¢¨²µ, ¥¸ÉÓ § ³¥Î É¥²Ó´Ò¥ · §¢¨ÉÒ¥ ¶·µ£· ³³´Ò¥
¸·¥¤¸É¢  £¥´¥· Í¨¨ ¸µ¡ÒÉ¨°, ¶µ§¢µ²ÖÕÐ¨¥ c³µ¤¥²¨·µ¢ ÉÓ ²Õ¡µ¥ ¨Ì Î¨¸²µ ¸
ÊÎ¥Éµ³ ·¥ ²Ó´ÒÌ Ê¸²µ¢¨° Ô±¸¶¥·¨³¥´Éµ¢, É. ¥. µ¡¥¸¶¥Î¨ÉÓ ·¥¶·¥§¥´É É¨¢´µ¸ÉÓ
¨ ¸¡ ² ´¸¨·µ¢ ´´µ¸ÉÓ µ¡ÊÎ ÕÐ¥° ¢Ò¡µ·±¨, µÎ¥´Ó Î ¸Éµ Ê¤ ¥É¸Ö ¶·¥µ¡· §µ-
¢ ÉÓ ÔÉµÉ ´ ¡µ· ¨¸Ìµ¤´ÒÌ ¤ ´´ÒÌ É ±, ÎÉµ¡Ò ¶µ¢Ò¸¨ÉÓ ¨Ì ¨´Ëµ·³ É¨¢´µ¸ÉÓ
¨ ¶µ ¢µ§³µ¦´µ¸É¨ ¸µ±· É¨ÉÓ ¨Ì · §³¥·´µ¸ÉÓ.

‚ · ¡µÉ Ì [53, 88] ¶·¨¢¥¤¥´ ´ £²Ö¤´Ò° ¶·¨³¥·, ±µ£¤  ¶·µ¸É¥°Ï¥¥ ¶·¥-
µ¡· §µ¢ ´¨¥ Å Ê¶µ·Ö¤µÎ¨¢ ´¨¥ ¢Ò¡µ·µÎ´ÒÌ §´ Î¥´¨° Å ¶µ§¢µ²Ö¥É §´ Î¨-
É¥²Ó´µ Ê¸±µ·¨ÉÓ µ¡ÊÎ¥´¨¥ Œ‘� (ÔËË¥±É ®³£´µ¢¥´´µ£µ µ¡ÊÎ¥´¨Ö¯) ¢ ¤µ¸É -
ÉµÎ´µ ¸²µ¦´µ° § ¤ Î¥ ±² ¸¸¨Ë¨± Í¨¨ ¤ ´´ÒÌ, ¢Ò¡· ´´ÒÌ ¨§ ¤¢ÊÌ ´µ·³ ²Ó-
´ÒÌ · ¸¶·¥¤¥²¥´¨° ¸ µ¤¨´ ±µ¢Ò³¨ ¸·¥¤´¨³¨ ¨ · §²¨Î´Ò³¨ ¤¨¸¶¥·¸¨Ö³¨.

ˆ´É¥·¥¸´Ò° ¶·¨³¥· ¤ ´ ¢ [89], £¤¥ ¤²Ö · §¤¥²¥´¨Ö ¶·µÉµ´µ¢ ¨ ¶¨µ´µ¢
¶·¨ ±µ¸³¨Î¥¸±¨Ì Ô´¥·£¨ÖÌ ¢ÒÏ¥ 100 ƒÔ‚ ¶µ ¤ ´´Ò³ ¨Ì ¨µ´¨§ Í¨µ´´ÒÌ ¶µ-
É¥·Ó, § ·¥£¨¸É·¨·µ¢ ´´ÒÌ ¢ Ï¥¸É¨ ¤¥É¥±Éµ· Ì, ¸´ Î ²  ¢ÒÎ¨¸²Ö²¨¸Ó §´ Î¥-
´¨Ö ω5

6-±·¨É¥·¨Ö [54], ±µÉµ·Ò¥ § É¥³ ¶µ¤ ¢ ²¨¸Ó ´  ¢Ìµ¤ Œ‘�, µ¡ÊÎ¥´´µ£µ
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´  104 ¸³µ¤¥²¨·µ¢ ´´ÒÌ ¸µ¡ÒÉ¨ÖÌ. �ËË¥±É¨¢´µ¸ÉÓ ¶· ¢¨²Ó´µ° ±² ¸¸¨Ë¨± -
Í¨¨ ´  ³µ¤¥²Ó´ÒÌ ¤ ´´ÒÌ ¸µ¸É ¢²Ö¥É 93,5% ¶·¨ µÏ¨¡±¥ ¢Éµ·µ£µ ·µ¤  ∼ 7%.


 ¨¡µ²¥¥ ÔËË¥±É¨¢´Ò³ ¸¶µ¸µ¡µ³ ¸µ±· Ð¥´¨Ö · §³¥·´µ¸É¨ µ¡ÊÎ ÕÐ¥°
¢Ò¡µ·±¨ ¡¥§ ¶µÉ¥·¨ ¥¥ ¨´Ëµ·³ É¨¢´µ¸É¨ Ö¢²Ö¥É¸Ö ³¥Éµ¤ £² ¢´ÒÌ ±µ³¶µ´¥´-
Éµ¢ (ŒƒŠ) [55]. 
¨¦¥ ¢ ¶. 2.1.4 ¶·¨¢µ¤¨É¸Ö ¶·¨³¥· ¸ ¶·¨³¥´¥´¨¥³ ŒƒŠ ±
¶·¥¤¢ ·¨É¥²Ó´µ° µ¡· ¡µÉ±¥ µÍ¨Ë·µ¢ ´´µ£µ ¨§µ¡· ¦¥´¨Ö ¤²Ö ¶µ¸²¥¤ÊÕÐ¥£µ
¢¢µ¤  ¢ ˆ
‘. „¥²µ ¢ Éµ³, ÎÉµ ²Õ¡ Ö ¶µ¶ÒÉ±  ¨¸¶µ²Ó§µ¢ ´¨Ö ˆ
‘ ¤²Ö  ´ ²¨§ 
µ¡Ñ¥±Éµ¢ ¡µ²ÓÏµ° · §³¥·´µ¸É¨∗ ´ É ²±¨¢ ¥É¸Ö ´  ´¥µ¡Ìµ¤¨³µ¸ÉÓ · ¡µÉÒ ¸
¸¥ÉÖ³¨ ¨§ ¤¥¸ÖÉ±µ¢ ÉÒ¸ÖÎ ´¥°·µ´µ¢. �·¨ ÔÉµ³ ¸µ¤¥·¦ É¥²Ó´ Ö Î ¸ÉÓ  ´ ²¨§¨-
·Ê¥³µ£µ µ¡Ñ¥±É  § ´¨³ ¥É ¢ ¶·µ¸É· ´¸É¢¥ ¢Ìµ¤´ÒÌ ¶·¨§´ ±µ¢ ´¥§´ Î¨É¥²Ó´µ¥
¶µ¤¶·µ¸É· ´¸É¢µ ³´µ£µ ³¥´ÓÏ¥° · §³¥·´µ¸É¨.

ŒƒŠ ¤ ¥É ´ ³ ¶ÊÉÓ ¶·µ¥±É¨·µ¢ ´¨Ö ¢¥±Éµ·µ¢ x ¤ ´´ÒÌ ´  É ±µ¥ ¶µ¤¶·µ-
¸É· ´¸É¢µ ¶·¨ ¸µÌ· ´¥´¨¨ ´ ¨¡µ²¥¥  ¤¥±¢ É´ÒÌ ¶·¨§´ ±µ¢  ´ ²¨§¨·Ê¥³µ£µ
µ¡Ñ¥±É , ¨¸¶µ²Ó§ÊÖ ¨´Ëµ·³ Í¨Õ µ¡ ¨Ì ¢§ ¨³´µ° ±µ··¥²ÖÍ¨¨, É. ¥. ±µ¢ ·¨ Í¨-
µ´´ÊÕ ³ É·¨ÍÊ Σx = cov (xixk).

„²Ö ÔÉµ£µ ¶·¨³¥´Ö¥É¸Ö µ·Éµ£µ´ ²Ó´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ Š ·Ê´¥´Ä‹µÔ¢ 
L = {lki} (¸³., ´ ¶·¨³¥·, [56], c. 220), ±µÉµ·µ¥ ¶·¥µ¡· §Ê¥É Σx ± ¤¨ £µ-
´ ²Ó´µ° Ëµ·³¥

Σy =




λ1 0
λ2

. . .
0 λp


 , (45)

£¤¥ ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö λi ¶·µ´Ê³¥·µ¢ ´Ò ¶µ Ê¡Ò¢ ´¨Õ. ’ ±¨³ µ¡· §µ³,
³µ¦´µ µ¸É ¢¨ÉÓ Éµ²Ó±µ m ¨§ ´¨Ì: λ1, λ2, · · · , λm (m � p) ´ ¨¡µ²¥e §´ Î¨-
³Òx, ¨ ³Ò É¥¶¥·Ó ³µ¦¥³ ¢Ò· §¨ÉÓ ¨¸Ìµ¤´Ò¥ ¤ ´´Ò¥ x Î¥·¥§ ÔÉ¨ £² ¢´Ò¥
±µ³¶µ´¥´ÉÒ:

xi ∼= l1iy1 + l2iy2 + . . .+ lmiym. (46)

ŒƒŠ Ê¸¶¥Ï´µ ¶·¨³¥´Ö²¸Ö ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´µ£µ ¸¦ É¨Ö É·¥±µ¢µ° ¨´Ëµ·-
³ Í¨¨ ´  ¸¶¥±É·µ³¥É·¥ R603 ¥Ð¥ ¢ 1973 £. [57] (¸³. É ±¦¥ ¡µ²¥¥ ¶µ§¤´¨¥
· ¡µÉÒ [58]). �·¨³¥· ¶·¨³¥´¥´¨Ö ŒƒŠ ¤²Ö ¶·¥¤µ¡· ¡µÉ±¨ ¢Ìµ¤´ÒÌ ¤ ´´ÒÌ
ˆ
‘ ¶·¨¢¥¤¥´ ¢ ¶. 2.1.4.

2.1.3. �¶É¨³¨§ Í¨Ö ¸É·Ê±ÉÊ·Ò Œ‘
. �µ¸±µ²Ó±Ê ³¨´¨³¨§ Í¨Ö ËÊ´±Í¨-
µ´ ²  (41) ¢¥¤¥É¸Ö ¶µ ¢¥¸ ³ ¸¢Ö§¥° ³¥¦¤Ê ´¥°·µ´ ³¨ Œ‘�, Î¨¸²µ ±µÉµ·ÒÌ
µ¶·¥¤¥²Ö¥É¸Ö ± ± ¶·µ¨§¢¥¤¥´¨¥ Î¨¸¥² ´¥°·µ´µ¢ ¢ ± ¦¤µ³ ¸²µ¥, Éµ, µÎ¥¢¨¤´µ,
Î¥³ ±µ³¶ ±É´¥¥ ¸¥ÉÓ ¶µ Î¨¸²Ê ´¥°·µ´µ¢ ¢ ´¥°, É¥³ ²¥£Î¥ ¥¥ µ¡ÊÎ¨ÉÓ. fµ²¥¥

∗‡ ³¥É¨³, ÎÉµ ¤ ¦¥ µÍ¨Ë·µ¢ ´´µ¥ Î¥·´µ-¡¥²µ¥ ¨§µ¡· ¦¥´¨¥ ´  ¸±·µ³´µ³ · ¸É·¥ 100×100
Ê¦¥ ¤ ¥É ¢Ìµ¤´µ° ¢¥±Éµ· ¸ 104 ±µ³¶µ´¥´É ³¨.
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Éµ£µ, ÎÉµ¡Ò µÍ¥´¨ÉÓ ¢¥¸µ¢Ò¥ ¶ · ³¥É·Ò ¸ ¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ, ¤²¨´  µ¡Ê-
Î ÕÐ¥° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¤µ²¦´  ¡ÒÉÓ ± ± ³¨´¨³Ê³ ´  ¶µ·Ö¤µ± ¡µ²ÓÏ¥
Î¨¸²  ÔÉ¨Ì ¶ · ³¥É·µ¢. 
 ¸ÊÐ´µ¸ÉÓ ÔÉµ° ¶·µ¡²¥³Ò Î ¸Éµ ¶µ¤Î¥·±¨¢ ¥É¸Ö
É¥·³¨´µ³ ®¶·µ±²ÖÉ¨¥ · §³¥·´µ¸É¨¯ ˆ
‘.

‚ÒÏ¥ ³Ò Ê¦¥ µ¡¸Ê¤¨²¨, ± ± ³¨´¨³¨§¨·µ¢ ÉÓ Î¨¸²µ ¢Ìµ¤´ÒÌ ¶·¨§´ ±µ¢,
µ¶·¥¤¥²ÖÕÐ¨Ì Î¨¸²µ n1 ´¥°·µ´µ¢ ¶¥·¢µ£µ ¸²µÖ. …¸²¨, ´ ¶·¨³¥·, Œ‘� µ¸Ê-
Ð¥¸É¢²Ö¥É ±² ¸¸¨Ë¨± Í¨Õ ´  m ±² ¸¸ Ì, Éµ, ± § ²µ¸Ó ¡Ò, Î¨¸²µ ´¥°·µ´µ¢
¢ÒÌµ¤´µ£µ ¸²µÖ ¤µ²¦´µ µ¶·¥¤¥²ÖÉÓ¸Ö ± ± n3 = log2 m. �¤´ ±µ ·¥§Ê²ÓÉ ÉÒ
· ¡µÉÒ ¸¥É¨, µ·£ ´¨§µ¢ ´´µ° É ±¨³ µ¡· §µ³, ± ± £µ¢µ·ÖÉ, ®¶µ¤ § ¢Ö§±Ê¯, ´¥
µÎ¥´Ó ´ ¤¥¦´Ò. „²Ö ¶µ¢ÒÏ¥´¨Ö ¤µ¸Éµ¢¥·´µ¸É¨ ±² ¸¸¨Ë¨± Í¨¨ ¦¥² É¥²Ó´µ
¢¢¥¸É¨ ¨§¡ÒÉµÎ´µ¸ÉÓ ¶ÊÉ¥³ ¢Ò¤¥²¥´¨Ö ± ¦¤µ³Ê ±² ¸¸Ê µ¤´µ£µ ¨²¨ ¤ ¦¥ ´¥-
¸±µ²Ó±¨Ì ´¥°·µ´µ¢ ¢ ¢ÒÌµ¤´µ³ ¸²µ¥, ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ µ¡ÊÎ ¥É¸Ö µ¶·¥-
¤¥²ÖÉÓ ¶·¨´ ¤²¥¦´µ¸ÉÓ µ¡· §  ± ±² ¸¸Ê ¸µ ¸¢µ¥° ¸É¥¶¥´ÓÕ ¤µ¸Éµ¢¥·´µ¸É¨,
´ ¶·¨³¥·, ¢Ò¸µ±µ°, ¸·¥¤´¥° ¨ ´¨§±µ°. ’ ±¨¥ Œ‘� ¶µ§¢µ²ÖÕÉ ¶·µ¢µ¤¨ÉÓ
±² ¸¸¨Ë¨± Í¨Õ ¢Ìµ¤´ÒÌ µ¡· §µ¢, µ¡Ñ¥¤¨´¥´´ÒÌ ¢ ´¥Î¥É±¨¥ (· §³ÒÉÒ¥ ¨²¨
¶¥·¥¸¥± ÕÐ¨¥¸Ö) ³´µ¦¥¸É¢ . �Éµ ¸¢µ°¸É¢µ ¶·¨¡²¨¦ ¥É ¶µ¤µ¡´Ò¥ Œ‘� ±
Ê¸²µ¢¨Ö³ ·¥ ²Ó´µ° ¦¨§´¨. ‘ÊÐ¥¸É¢ÊÕÉ É ±¦¥ Ô¢·¨¸É¨Î¥¸±¨¥ ·¥±µ³¥´¤ Í¨¨
¶µ ¶µ¢µ¤Ê ¢Ò¡µ·  Î¨¸²  ´¥°·µ´µ¢ ¢ ¸±·ÒÉµ³ ¸²µ¥ É¨¶  n2 = 2n1 + 10 [50]
¨²¨ n2 = (n1 + n3)/2. ‘²¥¤Ê¥É, µ¤´ ±µ, § ³¥É¨ÉÓ, ÎÉµ ¨§¡ÒÉµÎ´µ¸ÉÓ ¢ ¸±·Ò-
Éµ³ ¸²µ¥ (¸²µÖÌ) ¢·¥¤´ , É. ±. µ´  Ê¢¥²¨Î¨¢ ¥É ¡¥§ ´¥µ¡Ìµ¤¨³µ¸É¨ Î¨¸²µ ¶ -
· ³¥É·µ¢, ¶µ ±µÉµ·Ò³ ¢¥¤¥É¸Ö ³¨´¨³¨§ Í¨Ö. „²Ö Ê¸É· ´¥´¨Ö ¨§¡ÒÉµÎ´ÒÌ
´¥°·µ´µ¢ ¶·¨³¥´Ö¥É¸Ö ¶·µÍ¥¤Ê·  ®µ¡·¥§ ´¨Ö¯ (prunning), É. ¥. Ê¸É· ´¥´¨Ö É¥Ì
´¥°·µ´µ¢ ¸±·ÒÉµ£µ ¸²µÖ, Ê ±µÉµ·ÒÌ ¢¥¸  ¸¢Ö§¥° ¸ ¢ÒÌµ¤´Ò³¨ ´¥°·µ´ ³¨ ³ ²Ò
(³¥´ÓÏ¥ ¢Ò¡· ´´µ£µ ¶µ·µ£ ).

�¡ÒÎ´µ µÉ¸ÊÉ¸É¢¨¥ ¡µ²¥¥ ´ ÊÎ´µ µ¡µ¸´µ¢ ´´ÒÌ ·¥±µ³¥´¤ Í¨° ¶µ ¢Ò¡µ·Ê
¸É·Ê±ÉÊ·Ò ³´µ£µ¸²µ°´ÒÌ ˆ
‘ ´¥ µÎ¥´Ó ¢µ²´Ê¥É Ë¨§¨±µ¢, ¢ ¨§¢¥¸É´µ° ¸É¥¶¥´¨
¨§¡ ²µ¢ ´´ÒÌ ¨³¥ÕÐ¨³¨¸Ö Ê ´¨Ì ¢µ§³µ¦´µ¸ÉÖ³¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·µ£· ³³Ò
É¨¶  JETNET ¤²Ö £¥´¥· Í¨¨ ¸¥É¥° ²Õ¡µ° ±µ´Ë¨£Ê· Í¨¨,   É ±¦¥ É¥³, ÎÉµ
¡² £µ¤ ·Ö ¶·µ£· ³³ ³ ³µ¤¥²¨·µ¢ ´¨Ö ¸µ¡ÒÉ¨°, É ±¨³ ± ± GEANT-3.0 ¨²¨
HIJING, ¶· ±É¨Î¥¸±¨ ´¥ ¢µ§´¨± ¥É µ£· ´¨Î¥´¨° ´  ¤²¨´Ê µ¡ÊÎ ÕÐ¥° ¶µ¸²¥-
¤µ¢ É¥²Ó´µ¸É¨, ±µÉµ· Ö Ë ±É¨Î¥¸±¨ µ¶·¥¤¥²Ö¥É ÉµÎ´µ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¢¥¸µ¢
Œ‘�. �¤´ ±µ ¢ § ¤ Î Ì Ô±¸¶¥·¨³¥´É ²Ó´µ° ¡¨µ²µ£¨¨ ¨ µ¸µ¡¥´´µ ³¥¤¨Í¨´Ò,
£¤¥ ¤µ¸Éµ¢¥·´ Ö ³µ¤¥²Ó ¨§ÊÎ ¥³ÒÌ § ¢¨¸¨³µ¸É¥° ³µ¦¥É ¨ ´¥ ¸ÊÐ¥¸É¢µ¢ ÉÓ,
¶·¨Ìµ¤¨É¸Ö ¢¥¸É¨ µ¡ÊÎ¥´¨¥ ¨ ¶·µ¢¥·ÖÉÓ ± Î¥¸É¢µ · ¡µÉÒ µ¡ÊÎ¥´´µ° ¸¥É¨
Î ¸Éµ ´  ´¥¡µ²ÓÏµ³ Ô±¸¶¥·¨³¥´É ²Ó´µ³ ³ É¥·¨ ²¥. ‚ ÔÉ¨Ì Ê¸²µ¢¨Ö ¢Ò¡µ·
µ¶É¨³ ²Ó´µ° ¸É·Ê±ÉÊ·Ò ¸¥É¨ ³µ¦¥É ¨£· ÉÓ ±²ÕÎ¥¢ÊÕ ·µ²Ó.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¢µ§Ó³¥³ · ¡µÉÊ [59], ¢ ±µÉµ·µ° µ¶¨¸ ´  Ô±¸¶¥·É-
´ Ö ¸¨¸É¥³  ¤²Ö ¤¨ £´µ¸É¨±¨ ¶´¥¢³µ´¨¨ ¨ ¶·µ£´µ§¨·µ¢ ´¨Ö ¥¥ ¨¸Ìµ¤ . …¸É¥-
¸É¢¥´´µ, ÎÉµ Í¥²ÓÕ · §· ¡µÉ±¨ ¡Ò²  ´¥ ¶µ¶ÒÉ±  § ³¥´Ò ²¥Î Ð¥£µ ¢· Î ,  
¸µ§¤ ´¨¥ ¸¨¸É¥³Ò ¤²Ö ¶µ³µÐ¨ ¥³Ê ¢ ¶·¨´ÖÉ¨¨ ·¥Ï¥´¨Ö.

‚ ¸¨¸É¥³¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤¢¥ ´¥§ ¢¨¸¨³Ò¥ ¸¥É¨ · §²¨Î´µ° ±µ´Ë¨£Ê· -
Í¨¨. �Éµ ¡Ò²µ ´¥µ¡Ìµ¤¨³µ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶·µ£´µ§ ´¥ § ¢¨¸¥² µÉ ¤¨ £´µ§ .
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�¨¸. 14. �ËË¥±É¨¢´µ¸ÉÓ · ¸¶µ§´ ¢ ´¨Ö ± ± ËÊ´±Í¨Ö Î¨¸²  ¸±·ÒÉÒÌ ´¥°·µ´µ¢ ¶·¨
¤¢ÊÌ (a) ¨ É·¥Ì (¡) ¢ÒÌµ¤´ÒÌ ´¥°·µ´ Ì

‘ Í¥²ÓÕ · §· ¡µÉ±¨ ¸¨¸É¥³Ò, Ê¤µ¡´µ° ¤²Ö ¶· ±É¨Î¥¸±µ£µ ¢· Î , ¡Ò²µ µ¡-
¸²¥¤µ¢ ´µ 300 ¶ Í¨¥´Éµ¢ ¸ ¢´¥¡µ²Ó´¨Î´µ° ¶´¥¢³µ´¨¥° ¨ 50 ¶· ±É¨Î¥¸±¨
§¤µ·µ¢ÒÌ ²¨Í. �·¨ ¤¨ £´µ¸É¨±¥ ¶´¥¢³µ´¨¨ ¢· Î¨ ¨¸¶µ²Ó§ÊÕÉ 35 ¶·¨§´ -
±µ¢ ¡µ²¥§´¨. ‘ Í¥²ÓÕ ¸µ±· Ð¥´¨Ö ¨Ì Î¨¸²  ¡Ò² ¶·µ¢¥¤¥´ ¶·¥¤¢ ·¨É¥²Ó´Ò°
 ´ ²¨§ ³´µ£¨Ì ±²¨´¨±µ-² ¡µ· Éµ·´ÒÌ, ·¥´É£¥´µ²µ£¨Î¥¸±¨Ì ¶µ± § É¥²¥°, ÎÉµ
¶µ§¢µ²¨²µ ¢Ò¤¥²¨ÉÓ 9 ¶·µ£´µ¸É¨Î¥¸±¨ §´ Î¨³ÒÌ ¶·¨§´ ±µ¢: ¢µ§· ¸É, É¥³¶¥· -
ÉÊ· , ±µ²¨Î¥¸É¢µ ²¥°±µÍ¨Éµ¢ ¢ ¶¥·¨Ë¥·¨Î¥¸±µ° ±·µ¢¨, ±µ²¨Î¥¸É¢µ ¸¥£³¥´Éµ¢
²¥£±µ£µ ¸ ¢µ¸¶ ²¨É¥²Ó´µ° ¨´Ë¨²ÓÉ· Í¨¥° ¨ ¤·. �·¨Î¥³ ¶¥·¢µ´ Î ²Ó´µ ¢ ± -
Î¥¸É¢¥ µ¤´µ£µ ¨§ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¨¸¶µ²Ó§µ¢ ²¸Ö ¸É ¦ ±Ê·¥´¨Ö ¨ ´¥ ÊÎ¨-
ÉÒ¢ ²¸Ö  ²±µ£µ²¨§³. �¤´ ±µ ¢ÒÖ¸´¨²µ¸Ó, ÎÉµ ¸¥ÉÓ ¸É ²  ¶ÊÉ ÉÓ ÉÖ¦¥²µ¡µ²Ó-
´ÒÌ ¨ ²¥£±µ¡µ²Ó´ÒÌ. �µ¸²¥ Éµ£µ ± ± ¤µ¡ ¢¨²¨ ± ¸µ¶ÊÉ¸É¢ÊÕÐ¨³ ¶ Éµ²µ£¨Ö³
 ²±µ£µ²¨§³, ±µ²¨Î¥¸É¢µ µÏ¨¡µ± Ê³¥´ÓÏ¨²µ¸Ó. �± §Ò¢ ¥É¸Ö, Ì·µ´¨Î¥¸±¨°  ²-
±µ£µ²¨§³ ¢±Ê¶¥ ¸ Ì·µ´¨Î¥¸±¨³ ¡·µ´Ì¨Éµ³ ¢ ¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ µ± §Ò¢ eÉ
Éµ ¸ ³µ¥ ÊÉÖ¦¥²ÖÕÐ¥¥ ¢µ§¤¥°¸É¢¨¥ ´  É¥Î¥´¨¥ ¶´¥¢³µ´¨¨, ±µÉµ·µ¥ ¨ µÉ²¨Î ¥É
ÉÖ¦¥²µ¡µ²Ó´µ£µ µÉ ²¥£±µ¡µ²Ó´µ£µ.

fÒ²¨ ¨¸¸²¥¤µ¢ ´Ò 20 · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸¥É¥° ¸ Í¥²ÓÕ ´ °É¨
µ¶É¨³ ²Ó´ÊÕ, µ¡¥¸¶¥Î¨¢ ÕÐÊÕ ´ ¨²ÊÎÏÊÕ ÔËË¥±É¨¢´µ¸ÉÓ · ¸¶µ§´ ¢ ´¨Ö.
�¥§Ê²ÓÉ ÉÒ ¶µ± § ´Ò ´  ·¨¸. 14. 
Ê²¥¢ Ö ÔËË¥±É¨¢´µ¸ÉÓ µ§´ Î ¥É, ÎÉµ ¶·µ-
Í¥¤Ê·  µ¡ÊÎ¥´¨Ö ¸¥É¨ ´¥ ¸Ìµ¤¨É¸Ö. „ ´´ Ö ¸¨ÉÊ Í¨Ö ¢µ§´¨± ¥É ¶·¨ ´¥¤µ¸É -
ÉµÎ´µ³ ±µ²¨Î¥¸É¢¥ ¸±·ÒÉÒÌ ´¥°·µ´µ¢. �·¨ ¨§¡ÒÉµÎ´µ³ ±µ²¨Î¥¸É¢¥ ¸±·ÒÉÒÌ
´¥°·µ´µ¢ ¸¥ÉÓ ¡Ê¤¥É ¶·µ¸Éµ § ¶µ³¨´ ÉÓ Ë ±ÉÒ,   ´¥ µ¡µ¡Ð ÉÓ ¨Ì, ÎÉµ É ±¦¥
¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ÉµÎ´µ¸É¨ · ¸¶µ§´ ¢ ´¨Ö. 
  µ¸´µ¢ ´¨¨ ¨¸¸²¥¤µ-
¢ ´¨Ö ¡Ò²  ¢Ò¡· ´  ¸²¥¤ÊÕÐ Ö µ¶É¨³ ²Ó´ Ö ±µ´Ë¨£Ê· Í¨Ö ¤¨ £´µ¸É¨Î¥¸±µ°
¸¥É¨: 9 ¢Ìµ¤´ÒÌ, 6 ¸±·ÒÉÒÌ ¨ 3 ¢ÒÌµ¤´ÒÌ ´¥°·µ´ . „²Ö ¶·µ£´µ§¨·ÊÕÐ¥° ¸¥É¨
µ¶É¨³ ²Ó´µ° Ö¢¨² ¸Ó ±µ´Ë¨£Ê· Í¨Ö: 9 ¢Ìµ¤´ÒÌ, 6 ¸±·ÒÉÒÌ, 1 ¢ÒÌµ¤´µ° ´¥°-
·µ´. Š ± ¶µ± § ²  ¶·µ¢¥·±  ´  ±µ´É·µ²Ó´µ° £·Ê¶¶¥, ÔËË¥±É¨¢´µ¸ÉÓ · ¡µÉÒ
Ô±¸¶¥·É´µ° ¸¨¸É¥³Ò ¶·¨ ¢Ò¡· ´´ÒÌ ¸É·Ê±ÉÊ· Ì ¸¥É¥° ¸µ¸É ¢¨²  95,2%.

2.1.4. RBF-¸¥É¨. 
¥É·Ê¤´µ ¶µ± § ÉÓ, ÎÉµ ¸Ì¥³  ±² ¸¸¨Ë¨± Í¨¨ ´  ¤¢ 
±² ¸¸  ¸ ¶µ³µÐÓÕ ¶·µ¸Éµ£µ Œ‘� ¸ ¶µ·µ£µ¢µ° ËÊ´±Í¨¥°  ±É¨¢ Í¨¨ ¨³¥¥É
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�¨¸. 15. �·¨³¥·Ò · §¤¥²¥´¨Ö É·¥Ì ¸¨²Ó´µ ¶¥·¥¸¥± ÕÐ¨Ì¸Ö ±² ¸¸µ¢ ¸ ¶µ³µÐÓÕ:
 ) µ¡ÒÎ´µ£µ ³´µ£µ¸²µ°´µ£µ ¶¥·¸¥¶É·µ´ ; ¡) RBF-¸¥É¨

¶·µ¸ÉÊÕ £¥µ³¥É·¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ: ¢ ¶·µ¸É· ´¸É¢¥ H § ¤ ´  £¨¶¥·-

¶²µ¸±µ¸ÉÓ
∑

j w
(2)
ij hj = 0, ±µÉµ· Ö ¤¥²¨É ¶·µ¸É· ´¸É¢µ ´  ¤¢  ¶µ²Ê¶·µ¸É· ´-

¸É¢ . ‘Î¨É ¥É¸Ö, ÎÉµ ¥¸²¨ ¢¥±Éµ· ´ Ìµ¤¨É¸Ö ¶µ µ¤´Ê ¸Éµ·µ´Ê µÉ ¶µ¢¥·Ì´µ¸É¨
(ÔÉµ §´ Î¨É, ÎÉµ ¤²Ö ´¥£µ yj ¨§ (40) ¢ÒÏ¥ ¶µ·µ£ ), Éµ µ´ µÉ´µ¸¨É¸Ö ± ¶¥·¢µ³Ê
±² ¸¸Ê, ¥¸²¨ ¦¥ ¶µ ¤·Ê£ÊÕ Å ±µ ¢Éµ·µ³Ê. ’ ±¨³ µ¡· §µ³, Éµ, ± ± ¶¥·¸¥¶-
É·µ´ Ëµ·³¨·Ê¥É ¶µ´ÖÉ¨Ö (¨²¨ ¶·µ¢µ¤¨É ±² ¸¸¨Ë¨± Í¨Õ), Ö¢²Ö¥É¸Ö ¶·µÍ¥¸-
¸µ³ ´ Ìµ¦¤¥´¨Ö ´ ¡µ·  £¨¶¥·¶²µ¸±µ¸É¥°, ±µÉµ·Ò¥ µ¡¥¸¶¥Î¨¢ ÕÉ µ£· ´¨Îe´¨¥
¨²¨ µ±µ´ÉÊ·¨¢ ´¨¥ ± ¦¤µ£µ ¨§ ³´µ¦¥¸É¢, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸µ¡µ° µÉ¤¥²Ó´Ò¥
±² ¸¸Ò.

Š ± ¢¨¤´µ ¨§ (36), ´¥°·µ´ µ¸ÊÐ¥¸É¢²Ö¥É ¶·¥µ¡· §µ¢ ´¨¥ ¢¥±Éµ·  ¢ ¤¥°-
¸É¢¨É¥²Ó´µ¥ Î¨¸²µ ¶ÊÉ¥³ ¸± ²Ö·´µ£µ Ê³´µ¦¥´¨Ö ¶µ¤ ¢ ¥³µ£µ ´  ¢Ìµ¤ ¢¥±Éµ· 
x ´  ¢¥±Éµ· ¢¥¸µ¢ÒÌ ±µÔËË¨Í¨¥´Éµ¢ w·k. ‚  ²£µ·¨É³¥ µ¡ÊÎ¥´¨Ö ¨³¥´´µ
¸± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¢¥±Éµ·µ¢ ¨£· ¥É ¡µ²ÓÏÊÕ ·µ²Ó, É. ±., § ¤ ¢ Ö ¸µ¢µ-
±Ê¶´µ¸ÉÓ ´ ¶· ¢²¥´¨° ¢ ¶·µ¸É· ´¸É¢¥, µ´µ § ¤ ¥É ´ ¡µ· £¨¶¥·¶²µ¸±µ¸É¥°,
µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ¶·µ¸Éµ¥ ¨ ¨´ÉÊ¨É¨¢´µ ¶µ´ÖÉ´µ¥ · §¤¥²¥´¨¥ ´  ±² ¸¸Ò.

�¤´ ±µ µ£· ´¨Î¥´¨¥ ´¥±µÉµ·µ£µ ¶µ¤³´µ¦¥¸É¢  ´ ¡µ·µ³ £¨¶¥·¶²µ¸±µ-
¸É¥° ´¥ Ö¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´´Ò³ ¸¶µ¸µ¡µ³ · §¤¥²¥´¨Ö ³´µ¦¥¸É¢. �´ ²µ£¨Î-
´µ£µ ¨ ´¥ ³¥´¥¥ ¥¸É¥¸É¢¥´´µ£µ ·¥§Ê²ÓÉ É  ³µ¦´µ ¤µ¸É¨£´ÊÉÓ, µ¶¨¸ ¢ ± ¦¤µ¥
¨§ ³´µ¦¥¸É¢ ¶·¨ ¶µ³µÐ¨ ¶µ²´µ£µ ¶µ±·ÒÉ¨Ö ´¥±µÉµ·Ò³ ´ ¡µ·µ³ £¨¶¥·¸Ë¥·
(¸³. ·¨¸. 15). 
¥°·µ´´Ò¥ ¸¥É¨, ·¥ ²¨§ÊÕÐ¨¥ É ±ÊÕ ±² ¸¸¨Ë¨± Í¨Õ, ´ §Ò¢ -
ÕÉ¸Ö RBF-¸¥ÉÖ³¨.

‚ RBF-¸¥ÉÖÌ ¢³¥¸Éµ ¸± ²Ö·´µ£µ ¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ¢¥±Éµ·µ¢ ¢ÒÎ¨¸²Ö-
¥É¸Ö · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ´¨³¨, É. ¥. ¢ ¶·µ¸É· ´¸É¢¥ ÔÉ¨Ì ¢¥±Éµ·µ¢ ¢¢µ¤¨É¸Ö É 
¨²¨ ¨´ Ö ³¥É·¨±  ρ(H,w·k). ‚ § ¢¨¸¨³µ¸É¨ µÉ § ¤ Î¨ ¢ ± Î¥¸É¢¥ ³¥É·¨±¨
³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸Ê³³Ê ³µ¤Ê²¥° · §´µ¸É¥° ±µ³¶µ´¥´Éµ¢

∑
k |hk − wik|

(É ± ´ §Ò¢ ¥³µ¥ ³ ´ÌÔÉÉ¥´¸±µ¥ · ¸¸ÉµÖ´¨¥), ¨²¨ ³ ±¸¨³Ê³ ÔÉ¨Ì ³µ¤Ê²¥°
maxi |hk −wik|, ¨²¨ É ± ´ §Ò¢ ¥³µ¥ · ¸¸ÉµÖ´¨¥ Œ Ì ² ´µ¡¨¸  d2(H,w·k) =
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(H−w·k)−TΣ−1(H−w·k), £¤¥ Σ Å µÍ¥´±  ËÊ´±Í¨¨ ±µ¢ ·¨ Í¨¨ ÔÉ¨Ì ¢¥±-
Éµ·µ¢. ‚ · ¡µÉ Ì [60,61] ¶·¥¤² £ ¥É¸Ö ±¢ ¤· É¨Î´ Ö ³¥É·¨± 

L2 =
∑
k

(hk − wkj)2. (47)

‚³¥¸Éµ ËÊ´±Í¨¨  ±É¨¢ Í¨¨ (38) ¢ É ±¨Ì ¸¥ÉÖÌ ¨¸¶µ²Ó§Ê¥É¸Ö ¶µ·µ£µ¢ Ö
ËÊ´±Í¨Ö (± ± ¢ [60,61]) ¨²¨ Î Ð¥ £ Ê¸¸¨ ´.

RBF-¸¥ÉÓ ¨³¥¥É ¶·µ³¥¦ÊÉµÎ´Ò° ¸²µ° ¨§ · ¤¨ ²Ó´ÒÌ Ô²¥³¥´Éµ¢, ± ¦¤Ò°
¨§ ±µÉµ·ÒÌ ¢µ¸¶·µ¨§¢µ¤¨É £ Ê¸¸µ¢Ê ¶µ¢¥·Ì´µ¸ÉÓ µÉ±²¨± . Š ± ¶µ± § ´µ ¢ [62],
¤²Ö ³µ¤¥²¨·µ¢ ´¨Ö ¶·µ¨§¢µ²Ó´µ° ËÊ´±Í¨¨ ´¥µ¡Ìµ¤¨³ ²¨ÏÓ µ¤¨´ ¶·µ³¥¦Ê-
ÉµÎ´Ò° ¸²µ°, ¸µ¤¥·¦ Ð¨° ¤µ¸É ÉµÎ´µ¥ Î¨¸²µ · ¤¨ ²Ó´ÒÌ Ô²¥³¥´Éµ¢. 
  ¢Ò-
Ìµ¤ ¸¥É¨ ¶µ¤ ¥É¸Ö ¨Ì ²¨´¥°´ Ö ±µ³¡¨´ Í¨Ö (É. ¥. ¢§¢¥Ï¥´´ Ö ¸Ê³³  £ Ê¸¸µ¢ÒÌ
ËÊ´±Í¨°) ¸ ²¨´¥°´Ò³¨ ËÊ´±Í¨Ö³¨  ±É¨¢ Í¨¨. ’ ±¨¥ RBF-¸¥É¨ ¨³¥ÕÉ ·Ö¤
¶·¥¨³ÊÐ¥¸É¢ ¶¥·¥¤ ¸¥ÉÖ³¨ Œ‘�. ‚µ-¶¥·¢ÒÌ, ± ± Ê¦¥ ¸± § ´µ, µ´¨ ³µ¤¥²¨-
·ÊÕÉ ¶·µ¨§¢µ²Ó´ÊÕ ´¥²¨´¥°´ÊÕ ËÊ´±Í¨Õ ¸ ¶µ³µÐÓÕ ¢¸¥£µ µ¤´µ£µ ¶·µ³¥¦Ê-
ÉµÎ´µ£µ ¸²µÖ ¨ É¥³ ¸ ³Ò³ ¨§¡ ¢²ÖÕÉ ´ ¸ µÉ ´¥µ¡Ìµ¤¨³µ¸É¨ ·¥Ï ÉÓ ¢µ¶·µ¸
µ Î¨¸²¥ ¸²µ¥¢. ‚µ-¢Éµ·ÒÌ, ¡² £µ¤ ·Ö ²¨´¥°´µ¸É¨ ¢ÒÎ¨¸²¥´¨° ¸ ¶ · ³¥É· ³¨
¢ ¢ÒÌµ¤´µ³ ¸²µ¥ ³¨´¨³¨§ Í¨Ö ¨¤¥É ¡Ò¸É·µ ¨ ¡¥§ É·Ê¤´µ¸É¥° ¸ ²µ± ²Ó´Ò³¨
³¨´¨³Ê³ ³¨, É ± ³¥Ï ÕÐ¨³¨ ¶·¨ µ¡ÊÎ¥´¨¨ Œ‘�. �µÔÉµ³Ê ¸¥ÉÓ RBF µ¡Ê-
Î ¥É¸Ö µÎ¥´Ó ¡Ò¸É·µ (´  ¶µ·Ö¤µ± ¡Ò¸É·¥¥ Œ‘�). 
¥°·µÎ¨¶Ò, ·¥ ²¨§ÊÕÐ¨¥
RBF-¸¥É¨, Ê¦¥ · §· ¡µÉ ´Ò (ZISC036) ¨ ¶·¨³¥´ÖÕÉ¸Ö ¢ É·¨££¥·´ÒÌ ¸¨¸É¥³ Ì
Ô±¸¶¥·¨³¥´É ²Ó´µ° ”‚� [85].

’¥³ ´¥ ³¥´¥¥ Œ‘� ¢¸¥ ¥Ð¥ ¡µ²¥¥ ¶µ¶Ê²Ö·´Ò, µ¸µ¡¥´´µ ¢ Ë¨§¨Î¥¸±¨Ì
¶·¨²µ¦¥´¨ÖÌ, Î¥³ RBF-¸¥É¨, ¢ ¸¨²Ê ·Ö¤  ¶·¨Î¨´. �µ-¢¨¤¨³µ³Ê, ¶µ¸²¥¤´¨¥
³¥´¥¥ ¨¸¸²¥¤µ¢ ´Ò. ‘Î¨É ¥É¸Ö, ÎÉµ ±µ£¤  Î¨¸²µ ¢Ìµ¤µ¢ ¢¥²¨±µ, ®¶·µ±²Ö-
É¨¥ · §³¥·´µ¸É¨¯ ¤µ¢²¥¥É ´ ¤ ´¨³¨ ¢ ¥Ð¥ ¡µ²ÓÏ¥° ¸É¥¶¥´¨, É·¥¡ÊÖ §´ Î¨-
É¥²Ó´µ£µ ¶·¥¶·µÍ¥¸¸¨´£  ¤²Ö µÍ¥´±¨ Î¨¸²  ±² ¸¸µ¢ ¨ Í¥´É·µ¢ · ¤¨ ²Ó´ÒÌ
´¥°·µ´µ¢ (¸³., ´ ¶·¨³¥·, [63, 85]). ‚ ÔÉµ° ¸¢Ö§¨ ¸Éµ¨É Ê± § ÉÓ ´  Ê¤ Î´Ò°
µ¶ÒÉ ¨¸¶µ²Ó§µ¢ ´¨Ö ¸¶¥Í¨ ²Ó´µ µ·£ ´¨§µ¢ ´´µ° RBF-¸¥É¨ ¸ ¶µ·µ£µ¢µ°  ±-
É¨¢ Í¨µ´´µ° ËÊ´±Í¨¥°, ¶·¨³¥´¥´´µ° ¢ § ¤ Î¥ · ¸¶µ§´ ¢ ´¨Ö µÍ¨Ë·µ¢ ´´ÒÌ
¨§µ¡· ¦¥´¨° [60,61].

�É  ¶·µ¡²¥³  ¢ ¦´  ¤²Ö ³´µ£¨Ì ¶·¨²µ¦¥´¨°, ´ ¶·¨³¥·:
• µ¡· ¡µÉ±  ËµÉµ£· Ë¨° ¨§ ±µ¸³µ¸ ,
• ¡¨µ²µ£¨Ö:  ´ ²¨§ Ì·µ³µ¸µ³,
• ³¥¤¨Í¨´ : ± ·¤¨µ²µ£¨Ö, ¶Ê²Ó³o´µ²µ£¨Ö,
• Ë¨§¨±  ¢Ò¸µ±¨Ì Ô´¥·£¨°: · ¸¶µ§´ ¢ ´¨¥ É·¥±µ¢ § ·Ö¦¥´´ÒÌ Î ¸É¨Í,

±µ²¥Í Î¥·¥´±µ¢¸±¨Ì ¨§²ÊÎ¥´¨°,
•  ¢Éµ³ É¨Î¥¸± Ö µ¡· ¡µÉ±  ·Ê±µ¶¨¸´ÒÌ É¥±cÉµ¢,
• · ¸¶µ§´ ¢ ´¨¥ ¨§µ¡· ¦¥´¨° Î¥²µ¢¥Î¥¸±¨Ì ²¨Í.
�µ¸²¥¤´ÖÖ § ¤ Î  ¡Ò²  ¢Ò¡· ´  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö, ¶µ¸±µ²Ó±Ê ¢ ´¥° ¢µ-

¶²µÐ ²¨¸Ó ¶·µ¡²¥³Ò, É¨¶¨Î´Ò¥ ¤²Ö µ¸É ²Ó´ÒÌ ¶·¨²µ¦¥´¨°, µ´  ¡Ò²  ¤µ-
¸É ÉµÎ´µ Ìµ·µÏµ ¨§ÊÎ¥´  [64Ä67], ±·µ³¥ Éµ£µ, ¸ÊÐ¥¸É¢µ¢ ²  ¤µ¸ÉÊ¶´ Ö Î¥·¥§
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ˆ´É¥·´¥É ¤µ¸É ÉµÎ´µ ¶·¥¤¸É ¢¨É¥²Ó´ Ö ¡ §  ¤ ´´ÒÌ ¸ ´ ¡µ·µ³ ¨§ 400 ¨§µ-
¡· ¦¥´¨° ²¨Í [68], ¸ËµÉµ£· Ë¨·µ¢ ´´ÒÌ ¢ Ê¸²µ¢¨ÖÌ, ¸Ìµ¤´ÒÌ ¸ É¥³¨, ÎÉµ
¢Ìµ¤¨²¨ ¢ É¥Ì´¨Î¥¸±¨¥ É·¥¡µ¢ ´¨Ö § ¤ Î¨. �É¨ É·¥¡µ¢ ´¨Ö ¢±²ÕÎ ²¨ · §-
· ¡µÉ±Ê  ²£µ·¨É³  ¤²Ö ¡Ò¸É·µ£µ ¨ ´ ¤¥¦´µ£µ · ¸¶µ§´ ¢ ´¨Ö Ë·µ´É ²Ó´ÒÌ
´¥Í¢¥É´ÒÌ ¨§µ¡· ¦¥´¨°, ¶µ²ÊÎ¥´´ÒÌ ¢¨¤¥µ± ³¥·µ° ¸ 8-· §·Ö¤´µ° £· ¤ Í¨¥°
¶µ Ö·±µ¸É¨, ¶·¨£µ¤´µ£µ ¤²Ö ·¥ ²¨§ Í¨¨ ´  ´¥¤µ·µ£µ° ¶¥·¸µ´ ²Ó´µ° �‚Œ.
�·¨ ÔÉµ³ É·¥¡µ¢ ²µ¸Ó µ¡¥¸¶¥Î¨ÉÓ · ¸¶µ§´ ¢ ´¨¥ ²¨Í ¢ ·¥ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ,
±µ£¤  ´¥¨§¡¥¦´Ò ´¥¡µ²ÓÏ¨¥ ¢ ·¨ Í¨¨ ¶µ§, ¨§³¥´¥´¨Ö ¢ ¢Ò· ¦¥´¨ÖÌ ²¨Í, ¶·¨-
Î¥¸± Ì, ´¥¡·¨Éµ¸É¨ Ê ³Ê¦Î¨´ ¨ É. ¤. ‘²µ¦´µ¸ÉÓ § ¤ Î¨ µ¡Ê¸² ¢²¨¢ ² ¸Ó ± ±
É¥Ì´¨Î¥¸±µ° ¶·µ¡²¥³µ° ¶·¥µ¡· §µ¢ ´¨Ö ´¥¶·¥·Ò¢´µ£µ ¨§µ¡· ¦¥´¨Ö ¢ · ¸É·
¶µ·Ö¤±  80× 100 ¶¨±¸¥²e°, ¶µ·µ¦¤ ÕÐ¨° 8000 ¢Ìµ¤´ÒÌ ´¥°·µ´µ¢ ¸¥É¨, É ±
¨ ¶·µ£· ³³´Ò³¨ É·Ê¤´µ¸ÉÖ³¨ µ·£ ´¨§ Í¨¨ µ¡ÊÎ¥´¨Ö RBF-ˆ
‘ ¸ É ±¨³ ´¥-
³Ò¸²¨³Ò³ ¤²Ö µ¡ÒÎ´µ£µ ³´µ£µ¸²µ°´µ£µ ¶¥·¸¥¶É·µ´  Î¨¸²µ³ ´¥°·µ´µ¢. �µ-
É·¥¡µ¢ ²µ¸Ó É ±¦¥ µ¶É¨³¨§¨·µ¢ ÉÓ · ¡µÉÊ ¸¥É¨, ÎÉµ¡Ò ¸ ¤µ¡ ¢²¥´¨¥³ ´µ¢µ£µ
²¨Í  ¢ µ¡ÊÎ ÕÐ¥¥ ³´µ¦¥¸É¢µ µ´  ¡Ò¸É·µ ®¤µÊÎ¨¢ ² ¸Ó¯,   ´¥ ¶¥·¥ÊÎ¨¢ ² ¸Ó
¸´µ¢ .

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³¨ É·¥¡µ¢ ´¨Ö³¨ ¡Ò²  ¶·¥¤²µ¦¥´  RBF-¸¥ÉÓ ¸ ¶µ-
·µ£µ¢µ°  ±É¨¢ Í¨µ´´µ° ËÊ´±Í¨¥°, ¸ ³¥É·¨±µ° L2 ¨ ¤¢Ê³Ö ¸±·ÒÉÒ³¨ ¸²µÖ³¨
´¥°·µ´µ¢. ‚ ÔÉµ° ˆ
‘ µ¸ÊÐ¥¸É¢²Ö² ¸Ó ¤¢ÊÌÊ·µ¢´¥¢ Ö ¸Ì¥³  · ¸¶µ§´ ¢ ´¨Ö
µ¡· §µ¢. �¥·¢Ò° ¨§ ¸±·ÒÉÒÌ ¸²µ¥¢ ¡Ò² ¶·¥¤´ §´ Î¥´ ¤²Ö ¢Ò¶µ²´¥´¨Ö ¶·¥¤¢ -
·¨É¥²Ó´µ£µ ¸µ±· Ð¥´¨Ö Î¨¸²  ¢Ìµ¤´ÒÌ ¶·¨§´ ±µ¢ ¶ÊÉ¥³ ¨Ì £·Ê¡µ£µ Ê¸·¥¤´¥-
´¨Ö ¶µ ±² ¸¸ ³ ¸ ¶µ³µÐÓÕ ·¥ ²¨§ Í¨¨ µ¡ÒÎ´µ° ²¨´¥°´µ° Œ‘�-¸Ì¥³Ò (36),
£¤¥ ¢ ± Î¥¸É¢¥ ¢¥¸µ¢ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ´¥±µÉµ·Ò¥ ¶µ¸ÉµÖ´´Ò¥, § · ´¥¥ ¢ÒÎ¨-
¸²¥´´Ò¥ ±µÔËË¨Í¨¥´ÉÒ.


 ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö µÉµ¡· ¦¥´¨¥, ±µÉµ·µ¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö
· ¤¨ ²Ó´Ò³¨ ´¥°·µ´ ³¨ É·¥ÉÓ¥£µ ¸²µÖ ¸¥É¨, É. ±. µ´µ ¤µ²¦´µ ¤ ¢ ÉÓ µÉ¢¥É ´ 
¢µ¶·µ¸ µ ¶·¨´ ¤²¥¦´µ¸É¨ ¢¥±Éµ· , ¨²¨, ÎÉµ Éµ ¦¥ ¸ ³µ¥, ÉµÎ±¨ £¨¶¥·¶·µ-
¸É· ´¸É¢ , µ¡² ¸É¨, µ¶¨¸Ò¢ ¥³µ° £¨¶¥·¸Ë¥·µ°, ¨, É ±¨³ µ¡· §µ³, ¸¢µ¤¨É¸Ö
± ¶µ·µ£µ¢µ³Ê ±·¨É¥·¨Õ, ¶·¨³¥´¥´´µ³Ê ± · ¸¸ÉµÖ´¨Õ ρ(H,w·k) ¸ ¤¢Ê³Ö ´¥-
¡µ²ÓÏ¨³¨ µÉ²¨Î¨Ö³¨ µÉ µ¡ÒÎ´µ£µ RBF-´¥°·µ´ . �¥·¢µ¥ Å ´¥°·µ´ ¤µ²¦¥´
¸µ¤¥·¦ ÉÓ §´ Î¥´¨¥ ¸¢µ¥£µ ¶µ·µ£  Å ¢¥Ð¥¸É¢¥´´µ¥ Î¨¸²µ, ±µÉµ·µ¥, ¢µµ¡Ð¥
£µ¢µ·Ö, µÉ²¨Î´µ µÉ ¶µ·µ£µ¢ ¤·Ê£¨Ì ´¥°·µ´µ¢ ¨ ¤µ²¦´µ ´ ¸É· ¨¢ ÉÓ¸Ö ¢ ¶·µ-
Í¥¸¸¥ µ¡ÊÎ¥´¨Ö. �´µ Ì · ±É¥·¨§Ê¥É · ¤¨Ê¸ £¨¶¥·¸Ë¥·Ò. ‚Éµ·µ¥ µÉ²¨Î¨¥
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ´¥°·µ´ ¤µ²¦¥´ ¢Ò¤ ¢ ÉÓ ¥¤¨´¨Î´Ò° ¸¨£´ ² ¢ Éµ³ ¸²Ê-
Î ¥, ¥¸²¨ ¢¥±Éµ· ¶·¨´ ¤²¥¦¨É ¢´ÊÉ·¥´´¥° µ¡² ¸É¨ £¨¶¥·¸Ë¥·Ò, É. ¥. ±µ£¤ 
§´ Î¥´¨¥ ´  ¢Ìµ¤¥ ´¥°·µ´  ³¥´ÓÏ¥ (  ´¥ ¡µ²ÓÏ¥!) ¶µ·µ£ , ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É
ËÊ´±Í¨¨ s(x) = 1 − ϑ(λ), £¤¥ x Å ¢Ìµ¤, λ Å ¶µ·µ£,   ϑ(x) Å ¸ÉÊ¶¥´Î É Ö
ËÊ´±Í¨Ö ¸µ ¸± Î±µ³ ¢ ´Ê²¥.


¥¨§¡¥¦´µ¸ÉÓ ¢¢¥¤¥´¨Ö ¢Éµ·µ£µ ¸±·ÒÉµ£µ ¸²µÖ ¢ÒÉ¥± ¥É ± ± · § ¨§ Éµ£µ
Ë ±É , ÎÉµ ¤²Ö µ¶¨¸ ´¨Ö ±² ¸¸  É·¥¡Ê¥É¸Ö, ¢µ§³µ¦´µ, ¡µ²¥¥ µ¤´µ£µ ´¥°·µ´ ,
É ±¦¥ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ ¶µ·Ö¤µ± ¨Ì ¸²¥¤µ¢ ´¨Ö ¨ ±µ²¨Î¥¸É¢µ ´¥°·µ´µ¢, µÉ¢¥-
Î ÕÐ¥¥ §  ± ¦¤Ò° ±² ¸¸. �µÔÉµ³Ê § ¤ Î¥° ÔÉµ£µ, É·¥ÉÓ¥£µ ¶µ ¸Î¥ÉÊ ¸²µÖ
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´¥°·µ´µ¢ Ö¢²Ö¥É¸Ö µ¡µ¡Ð¥´¨¥ ·¥§Ê²ÓÉ É , ¢Ò¤ ¢ ¥³µ£µ ¶·¥¤Ò¤ÊÐ¨³ ¸²µ¥³, ¨
¶·¥¤¸É ¢²¥´¨¥ ¥£µ ¢ ¶·¨¥³²¥³µ° Ëµ·³¥.

‚ ± Î¥¸É¢¥ Î¥É¢¥·Éµ£µ, ¢ÒÌµ¤´µ£µ ¸²µÖ ¨¸¶µ²Ó§Ê¥É¸Ö ¸²µ° ´¥°·µ´µ¢, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨° ¸É ´¤ ·É´µ°  ·Ì¨É¥±ÉÊ·¥ ŠµÌµ´¥´  ®¶µ¡¥¤¨É¥²Ó § ¡¨· ¥É ¢¸¥¯
[69], ´µ ¶µ¡¥¤¨É¥²Ó ¢ ¤ ´´µ³ ¸²ÊÎ ¥ µ¶·¥¤¥²Ö¥É¸Ö ¶µ ³¨´¨³Ê³Ê · ¸¸ÉµÖ´¨Ö,
É. ¥. Ë ±É¨Î¥¸±¨ ¶µ ´ ¨¡µ²ÓÏ¥³Ê ¸µµÉ¢¥É¸É¢¨Õ µ¤´µ³Ê ¨§ ´ °¤¥´´ÒÌ ±² ¸-
¸µ¢. �µ²ÊÎ¥´´ Ö RBF-ˆ
‘ ¸ ³¥É·¨±µ° L2 ¨ ®¸µ·¥¢´µ¢ É¥²Ó´Ò³¯ (competive)
 ²£µ·¨É³µ³ ¢ÒÌµ¤´µ£µ ¸²µÖ ´¨¦¥ ´ §Ò¢ ¥É¸Ö CRBFL2-ˆ
‘. ‡´ Î¨É¥²Ó´ÊÕ
·µ²Ó ¢ Ê¸¶¥Ï´µ° · ¡µÉ¥ CRBFL2-¸¥É¨ ¸Ò£· ² ¶·¥¤²µ¦¥´´Ò° ¤²Ö ´¥¥  ²£µ-
·¨É³ µ¡ÊÎ¥´¨Ö:

1. �¥·¢µ´ Î ²Ó´µ ±µ²¨Î¥¸É¢o · ¤¨ ²Ó´ÒÌ ´¥°·µ´µ¢ É·¥ÉÓe£µ ¸²µÖ Ê¸É -
´ ¢²¨¢ ¥É¸Ö · ¢´Ò³ ±µ²¨Î¥¸É¢Ê µ¦¨¤ ¥³ÒÌ ±² ¸¸µ¢. ‚¥±Éµ· ¢¥¸µ¢ÒÌ ±µÔË-
Ë¨Í¨¥´Éµ¢ ´¥°·µ´  ¶·¨· ¢´¨¢ ¥É¸Ö ± ¶·µ¨§¢µ²Ó´µ ¢Ò¡· ´´µ³Ê Ô²¥³¥´ÉÊ ¨§
±² ¸¸ , §  ±µÉµ·Ò° µÉ¢¥Î ¥É ´¥°·µ´.

2. ‚Ò¡¨· ¥É¸Ö ¸²ÊÎ °´Ò° Ô²¥³¥´É hk ¨§ ¢Ìµ¤´µ£µ ³´µ¦¥¸É¢  (É. ¥. ¢ÒÌµ¤ 
¨§ ¶¥·¢µ£µ ¸±·ÒÉµ£µ ¸²µÖ) ¨ ¶·µ¨§¢µ¤¨É¸Ö ¶·µ¢¥·±  Ê¸²µ¢¨Ö: ¶µ¶ ¤ ¥É ²¨
ÔÉµÉ Ô²¥³¥´É ¢ µ¤´Ê ¨§ µ¡² ¸É¥°, µ¶¨¸Ò¢ ÕÐ¨Ì ¤ ´´Ò° ±² ¸¸. …¸²¨ ¤ , Éµ
¸µµÉ¢¥É¸É¢ÊÕÐ¨° Ô²¥³¥´É ¶µ³¥Î ¥É¸Ö ± ± ¡µ²ÓÏ¥ ´¥ ¶·¨´¨³ ÕÐ¨° ÊÎ ¸É¨Ö
¢ ¶·µÍ¥¤Ê·¥ ¢Ò¡µ·  ¨§ ¤ ´´µ£µ ¶Ê´±É , ¨ ¢Ò¡¨· ¥É¸Ö ¸²¥¤ÊÕÐ¨° ¸²ÊÎ °´Ò°
Ô²¥³¥´É.

3. …¸²¨ ´¥É, Éµ · ¤¨Ê¸ £¨¶¥·¸Ë¥·Ò · ¸Ï¨·Ö¥É¸Ö ¤µ ¢µ§³µ¦´µ¸É¨ ¢±²ÕÎ¨ÉÓ
¤ ´´Ò° ´¥°·µ´ ¢ µ¡² ¸ÉÓ µ¶¨¸ ´¨Ö (¢´ÊÉ·Ó £¨¶¥·¸Ë¥·Ò).

4. �·µ¢¥·Ö¥É¸Ö, ¶µ¶ ¤ ÕÉ ²¨ ¶·¨ ÔÉµ³ Ô²¥³¥´ÉÒ ¤·Ê£¨Ì ±² ¸¸µ¢ ¢ Ê¢¥²¨-
Î¨¢ÏÊÕ¸Ö µ¡² ¸ÉÓ.

5. …¸²¨ ´¥É, Éµ ¶µ¢Éµ·¨ÉÓ ¶·µÍ¥¤Ê·Ê ¸ ¶. 2.
6. E¸²¨ ¤ , Éµ Ê¢¥²¨Î¨ÉÓ É·¥É¨° ¸²µ° ´  µ¤¨´ ´¥°·µ´. ‚¥¸µ¢µ° ¢¥±Éµ·

¢Ò¤¥²¥´´µ£µ ´¥°·µ´  ¶·¨· ¢´ÖÉÓ ± ¤ ´´µ³Ê ¢¥±Éµ·Ê ¢Ìµ¤´µ£µ ³´µ¦¥¸É¢ ,  
¶µ·µ£ Å ´¥±µÉµ·µ° ³¨´¨³ ²Ó´µ° ¢¥²¨Î¨´¥, £ · ´É¨·ÊÕÐ¥° ¶µ¶ ¤ ´¨¥ ¢´ÊÉ·Ó
£¨¶¥·¸Ë¥·Ò Éµ²Ó±µ µ¤´µ£µ ¤ ´´µ£µ ¢Ìµ¤ .

7. �µ¢Éµ·¨ÉÓ ¸ ¶. 2 ¤µ É¥Ì ¶µ·, ¶µ±  ³´µ¦¥¸É¢µ, ¨§ ±µÉµ·µ£µ · §·¥Ï¥´µ
¢Ò¡¨· ÉÓ ¢¥±Éµ· , ´¥ ¡Ê¤¥É ¨¸Î¥·¶ ´µ.


 ¨¡µ²¥¥ § ³¥Î É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¤ ´´µ£µ  ²£µ·¨É³  Ö¢²Ö¥É¸Ö ¤¨-
´ ³¨Î¥¸±µ¥ ¨§³¥´¥´¨¥ Î¨¸²  ´¥°·µ´µ¢ ¢ Ìµ¤¥ µ¡ÊÎ¥´¨Ö. Šµ²¨Î¥¸É¢µ ´¥°·µ-
´µ¢ É·¥ÉÓ¥£µ ¸²µÖ ´¥¨§¢¥¸É´µ § · ´¥¥. �·¨Î¨´  ÔÉµ£µ ¢ Éµ³, ÎÉµ ³´µ¦¥¸É¢µ,
±µÉµ·µ¥ ´¥¡Ìµ¤¨³µ µ¶¨¸ ÉÓ, ¶µ ¸¢µ¥° Ëµ·³¥, ¢µµ¡Ð¥ £µ¢µ·Ö, µÉ²¨Î´µ µÉ
£¨¶¥·¸Ë¥·Ò ¨, ¸²¥¤µ¢ É¥²Ó´µ, É·¥¡Ê¥É ´¥¸±µ²Ó±¨Ì ´¥°·µ´µ¢ ¤²Ö µ¶¨¸ ´¨Ö.

�¡Ñ¥±É´µ-µ·¨¥´É¨·µ¢ ´´ Ö ¶·µ£· ³³  ´  Ö§Ò±¥ C++, ·¥ ²¨§ÊÕÐ Ö ¶·¥¤-
²µ¦¥´´Ò°  ²£µ·¨É³, É¥¸É¨·µ¢ ² ¸Ó ¢´ Î ²¥ ´  § ¤ Î¥ · ¸¶µ§´ ¢ ´¨Ö ¨¸± -
¦¥´´ÒÌ ¸¨³¢µ²µ¢  ²Ë ¢¨É . 
  ·¨¸. 16 ¶·¨¢¥¤¥´Ò ´¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸-
¶µ§´ ¢ ´¨Ö ± ± ´¥¨¸± ¦¥´´ÒÌ, É ± ¨ ¨¸± ¦¥´´ÒÌ ¨ § ÏÊ³²¥´´ÒÌ ¡Ê±¢  ²-
Ë ¢¨É . �µ¸²¥ ÔÉµ£µ ¶·µ£· ³³  É¥¸É¨·µ¢ ² ¸Ó ´  · ¸¶µ§´ ¢ ´¨¨ ´¥¸±µ²Ó±¨Ì
¤¥¸ÖÉ±µ¢ Î¥²µ¢¥Î¥¸±¨Ì ²¨Í, ¶·¨Î¥³ ¶µ¸²¥ µ¡ÊÎ¥´¨Ö ´  3Ä4 ¸´¨³± Ì ± ¦¤µ£µ
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�¨¸. 16. „¢  ¶·¨³¥·  ¡Ê±¢: ¸´ Î ²  ¨¤¥É µ¡ÊÎ ÕÐ¥¥ ¨§µ¡· ¦¥´¨¥, §  ´¨³ ¨¸± ¦¥´´µ¥,
´µ ¶· ¢¨²Ó´µ · ¸¶µ§´ ´´µ¥ ¶·µ£· ³³µ°:  ) ¶¥·¢Ò° ´ ¡µ·; ¡) ¢Éµ·µ° ´ ¡µ·, ¨³¨É¨·Ê-
ÕÐ¨° ·ÊÎ´µ¥ ´ ¶¨¸ ´¨¥ ¸ § ÏÊ³²¥´¨¥³

¨§ ´¨Ì ¢ · §²¨Î´ÒÌ ¶µ§ Ì∗ ¶µ± § ²  98% ´ ¤¥¦´µ¸ÉÓ ¶·¨ · ¸¶µ§´ ¢ ´¨¨ ¨Ì
¸¶¥Í¨ ²Ó´µ § ÏÊ³²¥´´ÒÌ ¨ ¨¸± ¦¥´´ÒÌ ¨§µ¡· ¦¥´¨°. ‚ ± Î¥¸É¢¥ ¶·¨³¥· 
· ¡µÉÒ ¶·µ£· ³³Ò ´  ·¨¸. 17 ¶·¨¢¥¤¥´Ò ¨§µ¡· ¦¥´¨Ö ²¨Í É·¥Ì ²Õ¤¥°, · §-
²¨Î´ÒÌ ¶µ ¶µ²Ê ¨ ¢µ§· ¸ÉÊ, ¢¢¥¤¥´´Ò¥ ¢ ±µ³¶ÓÕÉ¥· ¸ ¢¨¤¥µ± ³¥·Ò ± ± µ¡Ê-
Î ÕÐ¥¥ ³´µ¦¥¸É¢µ. 
¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸¶µ§´ ¢ ´¨Ö ÔÉµ° £·Ê¶¶Ò ²¨Í
¶µ¸²¥ ¢´¥¸¥´¨Ö § ÏÊ³²¥´¨° ¨²¨ ¸¶¥Í¨ ²Ó´ÒÌ ¨¸± ¦¥´¨°, ¸ÊÐ¥¸É¢¥´´µ ³¥´Ö-
ÕÐ¨Ì ¨Ì µ¡²¨±, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 18. ‚¸¥ ¤ ´´Ò¥ µ¡· §Ò ¡Ò²¨ ¶· ¢¨²Ó´µ
¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò ¸ ¶µ·µ¤¨¢Ï¨³¨ ¨Ì ²¨Í ³¨.

�¨¸. 17. �¡ÊÎ ÕÐ¥¥ ³´µ¦¥¸É¢µ Ë·µ´É ²Ó-
´ÒÌ ¨§µ¡· ¦¥´¨° Î¥²µ¢¥Î¥¸±¨Ì ²¨Í

�¤´ ±µ ¶·¨ É¥¸É¨·µ¢ ´¨¨ ´ 
µ¡ÊÎ ÕÐ¥³ ³´µ¦¥¸É¢¥ ¨§ 40 ²¨Í,
¸ËµÉµ£· Ë¨·µ¢ ´´ÒÌ ¢ ¤¥¸ÖÉ¨ · §-
²¨Î´ÒÌ Ë·µ´É ²Ó´ÒÌ ¶µ§¨Í¨ÖÌ, ¶µ-
²ÊÎ¥´´ÒÌ ¶µ ˆ´É¥·´¥ÉÊ ¸ ¸ °É 
Š¥³¡·¨¤¦¸±µ£µ Ê´¨¢¥·¸¨É¥É  [68],
¶·µ£· ³³  ¶µ± § ²  ´¥¤µ¶Ê¸É¨³µ
¢Ò¸µ±¨° ¶·µÍ¥´É µÏ¨¡µÎ´µ£µ ®Ê§-
´ ¢ ´¨Ö ÎÊ¦¨Ì¯ ¨§µ¡· ¦¥´¨°. �¸-
´µ¢´µ° ¶·¨Î¨´µ° É ±¨Ì µÏ¨¡µ±
¸²Ê¦¨²a Ê¦¥ µÉ³¥Î¥´´ Ö ¢ÒÏ¥ ¢
¶. 2.1.2 ¸¨ÉÊ Í¨Ö, ±µ£¤  ¢ ¶·µ¸É· ´-
¸É¢¥ ¢Ìµ¤´ÒÌ ¶·¨§´ ±µ¢ ¸ · §³¥·-
´µ¸ÉÓÕ 8000 (¤²Ö ¨§µ¡· ¦¥´¨° ´ 
· ¸É·¥ 80 × 100) ³´µ¦¥¸É¢µ ÉµÎ¥±,
µ¶¨¸Ò¢ ÕÐ¨Ì ¶·¨§´ ±¨ Î¥²µ¢¥Î¥-
¸±µ£µ ²¨Í  (¤ ¦¥ ¶µ¸²¥ ¨Ì Ê¸·¥¤´¥-

´¨Ö ¢ ¶¥·¢µ³ ¸²µ¥ ´¥°·µ´µ¢), § ´¨³ ¥É ¸µ¢¥·Ï¥´´µ ´¨ÎÉµ¦´µ¥ ¶µ¤¶·µ¸É· ´-
¸É¢µ ³´µ£µ ³¥´ÓÏ¥° · §³¥·´µ¸É¨. ‚ ÔÉµ° ¸¢Ö§¨ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¶·¥¤¢ ·¨-

∗�Í¨Ë·µ¢±¨ ¨§µ¡· ¦¥´¨° ÔÉ¨Ì ¶µ§ ¶µ¶·µ¸ÉÊ Ê¸·¥¤´Ö²¨¸Ó ¸ ¶µ³µÐÓÕ ¢¥¸µ¢ ¶¥·¢µ£µ ¸²µÖ
´¥°·µ´µ¢.
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�¨¸. 18. ‡ ÏÊ³²¥´´Ò¥ ¨²¨ ¸¶¥Í¨ ²Ó´µ ¨¸-
± ¦¥´´Ò¥ ²¨Í  ¨§ ¶·¥¤Ò¤ÊÐ¥£µ ´ ¡µ· ,
¶· ¢¨²Ó´µ · ¸¶µ§´ ´´Ò¥ CRBFL2-ˆ
‘

É¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶µ ¸É É¨¸É¨-
Î¥¸±µ° µÍ¥´±¥ ±µ¢ ·¨ Í¨µ´´µ° ³ -
É·¨ÍÒ (45) ¤²Ö ¨³¥¢Ï¨Ì¸Ö 400 ¨§µ-
¡· ¦¥´¨° ²¨Í, ¶µ¸²¥ Î¥£µ ¸ ¶µ³µ-
ÐÓÕ ³¥Éµ¤  £² ¢´ÒÌ ±µ³¶µ´¥´Éµ¢
¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ±µÔËË¨Í¨¥´ÉÒ µ·-
Éµ£µ´ ²Ó´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö (46) ¢
¶µ¤¶·µ¸É· ´¸É¢µ ¢¸¥£µ ¸ 60 £² ¢-
´Ò³¨ ±µ³¶µ´¥´É ³¨ (´  ·¨¸. 19 ¶µ-
± § ´ £· Ë¨± ¸¶ ¤ ´¨Ö ¸µ¡¸É¢¥´´ÒÌ
§´ Î¥´¨° ±µ¢ ·¨ Í¨µ´´µ° ³ É·¨ÍÒ
¸ ·µ¸Éµ³ ¨Ì ´µ³¥· , ¶µ¸²Ê¦¨¢Ï¨°
µ¡µ¸´µ¢ ´¨¥³ ¤²Ö ¢Ò¡µ·  · §³¥·´µ-
¸É¨ ¶µ¤¶·µ¸É· ´¸É¢ ). �µ¤¸É ´µ¢± 
±µÔËË¨Í¨¥´Éµ¢ ¸µ±· Ð ÕÐ¥£µ ŒƒŠ-¶·¥µ¡· §µ¢ ´¨Ö ¢ ± Î¥¸É¢¥ ¢¥¸µ¢ ¶¥·-
¢µ£µ ¸²µÖ ¶µ§¢µ²¨²  ¡¥§ ¶·µ¡²¥³ ·¥ ²¨§µ¢ ÉÓ ¥£µ ¢ · ³± Ì ¶·¥¤²µ¦¥´´µ°  ·-
Ì¨É¥±ÉÊ·Ò CRBFL2-ˆ
‘. ˆ§µ¡· ¦¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ¸ ¶µ³µÐÓÕ ŒƒŠ, ¶·¥¤-
¸É ¢²¥´Ò ´  ·¨¸. 20. Š ± ¢¨¤´µ, µ´¨ µ± § ²¨¸Ó ¸²¨Ï±µ³ § ¢¨¸¨³Ò³¨ µÉ
¢ ·¨ Í¨° ¨§µ¡· ¦¥´¨°, µÉ µ¸¢¥Ð¥´´µ¸É¨, Ëµ´  ¨ ¶·., ÎÉµ ´¥ Ê²ÊÎÏ¨²µ Ì -
· ±É¥·¨¸É¨±¨ · ¸¶µ§´ ¢ ´¨Ö. ‚ ÔÉµ° ¸¢Ö§¨ ¶·¨Ï²µ¸Ó ¶·¨¡¥£´ÊÉÓ ± ¥Ð¥ µ¤-
´µ³Ê ¶·¥¤¢ ·¨É¥²Ó´µ³Ê, ®¤µ¸¥É¥¢µ³Ê¯ ¤¢Ê³¥·´µ³Ê ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨Õ
¤ ´´ÒÌ ¸ ¶µ³µÐÓÕ £ Ê¸¸µ¢ÒÌ ¢¥°¢²¥Éµ¢ ¢Éµ·µ£µ ¶µ·Ö¤±  g2 (¨§¢¥¸É´ÒÌ ± ±
®³¥±¸¨± ´¸± Ö Ï²Ö¶ ¯). „¥É ²¨ ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨Ö µ¶¨¸ ´Ò ´¨¦¥ ¢
· §¤. 4,   §¤¥¸Ó ´  ·¨¸. 20, ¡ ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¶·¨³¥-
´¥´¨Ö ŒƒŠ ± É¥³ ¦¥ ¨§µ¡· ¦¥´¨Ö³, ÎÉµ ´  ·¨¸. 20, a, ´µ ¶·¥¤¢ ·¨É¥²Ó´µ
¶·¥µ¡· §µ¢ ´´ÒÌ ¸ ¶µ³µÐÓÕ ¤¢Ê³¥·´ÒÌ g2-¢¥°¢²¥Éµ¢. ‘· ¢´¥´¨¥ ·¨¸. 20, a
¨ ¡ ¶µ± §Ò¢ ¥É, ± ± ´µ·³ ²¨§µ¢ ²¨¸Ó ¢ ·¨ Í¨¨ ¢ µ¸¢¥Ð¥´´µ¸É¨ ¨ Ëµ´¥.

�¨¸. 19. ‘¶ ¤ ´¨¥ ¢¥²¨Î¨´ ¸µ¡¸É¢¥´´ÒÌ §´ -
Î¥´¨° ±µ¢ ·¨ Í¨µ´´µ° ³ É·¨ÍÒ ¢ § ¢¨¸¨³µ-
¸É¨ µÉ ¨Ì ´µ³¥· 

�¥§Ê²ÓÉ ÉÒ · c¶µ§´ ¢ ´¨Ö ´ 
¨³¥ÕÐ¥³¸Ö É¥¸Éµ¢µ³ ´ ¡µ·¥ ¨§µ-
¡· ¦¥´¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤¢Ê-
³¥·´µ£µ ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨Ö ¸
¶µ¸²¥¤ÊÕÐ¨³ ¶·¨³¥´¥´¨¥³ ŒƒŠ
¤²Ö ¸µ±· Ð¥´¨Ö Î¨¸²  ¢Ìµ¤´ÒÌ
¶·¨§´ ±µ¢ ¤µ 60 ¢¶µ²´¥ Ê¤µ¢²¥-
É¢µ·¨É¥²Ó´Ò (ÔËË¥±É¨¢´µ¸ÉÓ ´ 
Ê·µ¢´¥ 98,5%) ¤²Ö ¶· ±É¨Î¥¸±¨Ì
¶·¨²µ¦¥´¨° ÔÉµ£µ ³¥Éµ¤ .


 ¨¡µ²¥¥ µÎ¥¢¨¤´Ò³ ¤µ¸Éµ¨´-
¸É¢µ³ ¶µ¤Ìµ¤  Ö¢²Ö¥É¸Ö, ± ± ¶µ± -
§ ²  ¶· ±É¨± , ¡µ²ÓÏ Ö ¸±µ·µ¸ÉÓ
µ¡ÊÎ¥´¨Ö CRBFL2-ˆ
‘. ’ ±¦¥
¨§´ Î ²Ó´ Ö ±µ´¥Î´µ¸ÉÓ ¶·µÍ¥¸¸ 
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�¨¸. 20. a) ˆ§µ¡· ¦¥´¨Ö ´¥±µÉµ·ÒÌ ²¨Í ¨§ ±¥³¡·¨¤¦¸±µ° ¡ §Ò ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´Ò¥
³¥Éµ¤µ³ £² ¢´ÒÌ ±µ³¶µ´¥´É. ¡) �¥§Ê²ÓÉ É ¶·¨³¥´¥´¨Ö ŒƒŠ ± ²¨Í ³, ¶·¥¤¢ ·¨É¥²Ó´µ
¶µ¤¢¥·£´ÊÉÒ³ ¤¢Ê³¥·´µ³Ê ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨Õ

µ¡ÊÎ¥´¨Ö Å ´¥¸µ³´¥´´µ¥ ¶·¥¨³ÊÐ¥¸É¢µ ¶¥·¥¤ ³¥Éµ¤µ³ µ¡· É´µ£µ · ¸¶·µ-
¸É· ´¥´¨Ö µÏ¨¡±¨, ¢·¥³Ö µ¡ÊÎ¥´¨Ö ¸¥É¨ ÔÉ¨³ ³¥Éµ¤µ³ ´  ³´µ£¨Ì § ¤ Î Ì
¸±²µ´´µ § ÉÖ£¨¢ ÉÓ¸Ö ¤µ ¶· ±É¨Î¥¸±µ° ¡¥¸±µ´¥Î´µ¸É¨.

‚µ§³µ¦´µ¸ÉÓ ¶·µ¸Éµ° µÍ¥´±¨ ± Î¥¸É¢  ±² ¸¸¨Ë¨± Í¨¨, ¶·µ¢¥¤¥´´µ°
CRBFL2-¸¥ÉÓÕ ¢ ·¥§Ê²ÓÉ É¥ ¶·µÍ¥¸¸  µ¡ÊÎ¥´¨Ö, Å ¥Ð¥ µ¤´µ ¤µ¸Éµ¨´¸É¢µ
¶·¥¤² £ ¥³µ£µ ¶µ¤Ìµ¤ . Š·¨É¥·¨¥³ §¤¥¸Ó ¸²Ê¦¨É ±µ²¨Î¥¸É¢µ · ¤¨ ²Ó´ÒÌ ´¥°-
·µ´µ¢ ¶µ¸²¥ µ¡ÊÎ¥´¨Ö ¸¥É¨. ‚ Éµ³ ¸²ÊÎ ¥, ±µ£¤  µ´µ · ¢´µ ±µ²¨Î¥¸É¢Ê ±² ¸-
¸µ¢, ÔÉµ µ§´ Î ¥É, ÎÉµ ˆ
‘ ¤µ¸É¨£´ÊÉ  ³ ±¸¨³ ²Ó´ Ö ¸É¥¶¥´Ó µ¡µ¡Ð¥´¨Ö.
‘¨ÉÊ Í¨Ö, ±µ£¤  ±µ²¨Î¥¸É¢µ ´¥°·µ´µ¢ ¢ É·¥ÉÓ¥³ ¸²µ¥ ¸µ¢¶ ¤ ¥É ¸ ±µ²¨Î¥¸É¢µ³
Ô²¥³¥´Éµ¢ µ¡ÊÎ ÕÐ¥£µ ³´µ¦¥¸É¢  ´  ¥£µ ¢Ìµ¤¥, µ§´ Î ¥É, ÎÉµ µ¡µ¡Ð¥´¨¥ ´¥
¤µ¸É¨£´ÊÉµ ¨§-§  Î·¥§¢ÒÎ °´µ° · §·µ§´¥´´µ¸É¨ ¤ ´´ÒÌ ¨ ¸¥ÉÓ ¶µ¶·µ¸ÉÊ ®§ -
¶µ³´¨² ¯ ¢¸¥ Ô²¥³¥´ÉÒ.

�·¨ · ¡µÉ¥ CRBFL2-ˆ
‘ ¢ ·¥¦¨³¥ · ¸¶µ§´ ¢ ´¨Ö ³µ¦¥É ¢µ§´¨±´ÊÉÓ ¸¨-
ÉÊ Í¨Ö, ¶·¨ ±µÉµ·µ° ¢Ìµ¤´µ° ¢¥±Éµ· ¶µ¶ ¤¥É ¢ µ¡² ¸ÉÓ, ±µÉµ·ÊÕ ¶¥·¥±·Ò¢ ¥É
´¥¸±µ²Ó±µ £¨¶¥·¸Ë¥· ´¥°·µ´µ¢, ¶·¨´ ¤²¥¦ Ð¨Ì · §´Ò³ ±² ¸¸ ³. ‚ É ±µ³
¸²ÊÎ ¥ ´¥°·µ´´ Ö ¸¥ÉÓ ¢Ò¤ ¸É ¢¥·µÖÉ´µ¸É´Ò° µÉ¢¥É µ ¶·¨´ ¤²¥¦´µ¸É¨ ¤ ´-
´µ£µ Ô²¥³¥´É  ± ± ¦¤µ³Ê ¨§ ±² ¸¸µ¢. 
 ¶·¨³¥·, ¥¸²¨ ¢¥±Éµ· ´  ¢Ìµ¤¥ ¸¥É¨
¢Ò§¢ ² ¥¤¨´¨Î´Ò° µÉ±²¨± Ê ¤¢ÊÌ ´¥°·µ´µ¢ ¶¥·¢µ£µ ±² ¸¸  ¨ µ¤´µ£µ ´¥°·µ´ 
¢Éµ·µ£µ ±² ¸¸ , Éµ, ¸µµÉ¢¥É¸É¢¥´´µ, ¢¥·µÖÉ´µ¸ÉÓ ¥£µ ¶·¨´ ¤²¥¦´µ¸É¨ ± ¶¥·-
¢µ³Ê ±² ¸¸Ê 2/3,   ±µ ¢Éµ·µ³Ê, ¸µµÉ¢¥É¸É¢¥´´µ, 1/3. ‘Éµ¨É É ±¦¥ Ê¶µ³Ö´ÊÉÓ,
ÎÉµ ¥¸²¨ ¶µ¤ ´´Ò° ´  ¢Ìµ¤ µ¡· § ¸µ¢¥·Ï¥´´µ ´¥ ¶µÌµ¦ ´¨ ´  µ¤¨´ ¨§ Ô²¥-
³¥´Éµ¢ µ¡ÊÎ ÕÐ¥£µ ³´µ¦¥¸É¢ , ±² ¸¸¨Ë¨Í¨·µ¢ ´´µ£µ ¸¥ÉÓÕ, Éµ ¢¸¥ ´¥°·µ´Ò
¢Ò¤ ¤ÊÉ ´Ê²¥¢µ° ¸¨£´ ², ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨° µ ´¥¶·¨´ ¤²¥¦´µ¸É¨ ´¨ ± ± ±µ³Ê
¨§ ¨§¢¥¸É´ÒÌ ±² ¸¸µ¢ ¸¥É¨.
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�·µ¢¥¤¥´¨¥ ¶·µÍ¥¤Ê·Ò Ê¸¥Î¥´¨Ö, É. ¥. Ê¤ ²¥´¨Ö ¸¢Ö§¥°, ³ ²µ ¢²¨ÖÕÐ¨Ì
´  ±µ´¥Î´Ò° ·¥§Ê²ÓÉ É, É ±¦¥ ¢µ§³µ¦´µ ¤²Ö ¶·¥¤²µ¦¥´´µ° CRBFL2-ˆ
‘.
�µ¸±µ²Ó±Ê ± ¦¤Ò° ´¥°·µ´ Ì · ±É¥·¨§Ê¥É¸Ö · ¤¨Ê¸µ³ £¨¶¥·¸Ë¥·Ò, ±µÉµ·ÊÕ
µ´ µ¶¨¸Ò¢ ¥É, Éµ ´¥°·µ´Ò, Ê ±µÉµ·ÒÌ ÔÉµÉ · ¤¨Ê¸ ³ ², ³µ¦´µ ¨¸±²ÕÎ¨ÉÓ
¨§ ±µ´¥Î´µ° ¸¥É¨, É. ±. ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ, ÎÉµ µ´ µ¶¨¸Ò¢ ¥É ¢¥¸Ó³  ´¥³´µ-
£µÎ¨¸²¥´´µ¥ ±µ²¨Î¥¸É¢µ Ô²¥³¥´Éµ¢ µ¡ÊÎ ÕÐ¥£µ ³´µ¦¥¸É¢  ¨²¨ ¶µ¶·µ¸ÉÊ ¥£µ
¸²ÊÎ °´Ò° Ë· £³¥´É.

‡ ³¥É¨³ É ±¦¥, ÎÉµ ¶·¨¢¥¤¥´´Ò¥  ²£µ·¨É³Ò CRBFL2-ˆ
‘ ¢¶µ²´¥ ¤µ¶Ê¸-
± ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Ö ¶·¥¤²µ¦¥´´µ° ¤¢ÊÌÊ·µ¢´¥¢µ° ¸Ì¥³Ò
· ¸¶µ§´ ¢ ´¨Ö µ¡· §µ¢ ¤²Ö ·¥ ²¨§ Í¨¨ ¨´ÒÌ ¢¨¤µ¢ ¶·¥¶·µÍ¥¸¸¨´£ , ²¨¡µ ¢
¢¨¤¥ µÉ¤¥²Ó´µ° ¶·µÍ¥¤Ê·Ò, ²¨¡µ ¢ ²¨´¥°´µ³ ¸²ÊÎ ¥ ¢ ¢¨¤¥ ¤µ¶µ²´¨É¥²Ó´µ£µ
¸²µÖ ´¥°·µ´µ¢, · ¡µÉ ÕÐ¥£µ ± ±¨³-²¨¡µ ¸¶¥Í¨Ë¨Î¥¸±¨³ µ¡· §µ³.

’ ±¨³ µ¡· §µ³, ¸¥ÉÓ CRBFL2 ¡² £µ¤ ·Ö ¸¢µ¨³ § ³¥Î É¥²Ó´Ò³ ¸¶µ¸µ¡´µ-
¸ÉÖ³ ¤¨´ ³¨Î¥¸±µ° ´ ¸É·µ°±¨ Î¨¸²  ´¥°·µ´µ¢ ¨ ¨Ì ¸¢Ö§¥° ¢ ¶·µÍ¥¸¸¥ µ¡ÊÎ¥-
´¨Ö ¨ ®Ê³¥´¨Õ¯ · ¸¶µ§´ ¢ ÉÓ ´¥ Éµ²Ó±µ ¸¢Ö§´Ò¥, ´µ ¨ ´¥¸¢Ö§´Ò¥ ¶µ¤³´µ¦¥-
¸É¢  ¢ ¶·µ¸É· ´¸É¢¥ µ¡· §µ¢ µ± §Ò¢ ¥É¸Ö £µ· §¤µ ¡µ²¥¥ ¶µÌµ¦¥° ´  ·¥ ²Ó´Ò¥
¡¨µ²µ£¨Î¥¸±¨¥ ´¥°·µ¸¨¸É¥³Ò ¢ ¸· ¢´¥´¨¨ ¸ µ¡ÒÎ´Ò³¨ ¶·Ö³µÉµÎ´Ò³¨ ˆ
‘,
¨¸¶µ²Ó§ÊÕÐ¨³¨ ³¥Éµ¤ ��� ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Ë¨±¸¨·µ¢ ´´ÒÌ ¢¥¸µ¢ ´¥°·µ´´ÒÌ
¸¢Ö§¥°.

‚¸¶µ³´¨¢ µ ¡¨µ²µ£¨Î¥¸±¨Ì ´¥°·µ¸¨¸É¥³ Ì, ³Ò ¢ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §-
¤¥²  µÉ³¥É¨³ · ¡µÉÊ [70], ¶µ¸¢ÖÐ¥´´ÊÕ ¨¸¸²¥¤µ¢ ´¨Õ ¤¨´ ³¨±¨ ³µ¤¥²¨ ·¥ -
²¨¸É¨Î´ÒÌ ´¥°·µ´´ÒÌ ¸¥É¥° (RNN) ¢ ¨Ì ·¥ ±Í¨¨ ´  ¢´¥Ï´¨¥ ¶¥·¨µ¤¨Î¥¸±¨¥
´¥¸¨´Ê¸µ¨¤ ²Ó´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö · §´µ° Ëµ·³Ò. —¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ´ 
¡ §¥ Ê· ¢´¥´¨° ¤¨´ ³¨±¨ RNN ¶µ§¢µ²¨²¨ ¢µ¸¶·µ¨§¢¥¸É¨ ´¥±µÉµ·Ò¥ ´¥°·µ-
Ë¨§¨µ²µ£¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ [71] ¨ µ¡´ ·Ê¦¨ÉÓ ´µ¢Ò¥ ÔËË¥±ÉÒ ¢ ¶µ¢¥¤¥´¨¨
RNN.

2.2. �·¨³¥´¥´¨¥ ¶µ²´µ¸¢Ö§´ÒÌ ˆ�‘. Š ± Ê¦¥ Ê¶µ³¨´ ²µ¸Ó, ¢ µ¡ÐÊÕ
¸Ì¥³Ê ˆ
‘, ¶µ³¨³µ Ï¨·µ±µ ¶·¨³¥´Ö¥³ÒÌ ¶¥·¸¥¶É·µ´µ¢, Ê±² ¤Ò¢ ¥É¸Ö É ±¦¥
¸¥ÉÓ •µ¶Ë¨²¤  (•
‘) [72]. �Éµ ¶µ²´µ¸¢Ö§´ Ö ¸¥ÉÓ, Ö¢²ÖÕÐ Ö¸Ö ¢ ¶·µ¸É¥°Ï¥³
¸²ÊÎ ¥ [73] ¸¨¸É¥³µ° ¶·µ¸ÉÒÌ ¡¨´ ·´ÒÌ ´¥°·µ´µ¢ si, ±µÉµ·Ò¥ ³µ£ÊÉ ¶·¨´¨-
³ ÉÓ µ¤´µ ¨§ ¤¢ÊÌ · §²¨Î´ÒÌ §´ Î¥´¨°, ´ ¶·¨³¥·, +1,−1. �¢µ²ÕÍ¨Ö •
‘
¶·¨¢µ¤¨É ¥¥ ¢ ´¥±µÉµ·µ¥ ¸µ¸ÉµÖ´¨¥ ¸É ¡¨²Ó´µ¸É¨, Ê¸Éµ°Î¨¢µ£µ · ¢´µ¢¥¸¨Ö.
� ¸¸³ É·¨¢ Ö ˆ
‘ ± ± ¤¨´ ³¨Î¥¸±ÊÕ ¸¨¸É¥³Ê ¡¨´ ·´ÒÌ ´¥°·µ´µ¢, •µ¶Ë¨²¤
¨¸¶µ²Ó§µ¢ ² ¡¨²¨´¥°´ÊÕ ËÊ´±Í¨Õ ‹Ö¶Ê´µ¢  ± ± ËÊ´±Í¨µ´ ² Ô´¥·£¨¨ ¸¥É¨

E(s) = −1
2

∑
ij

siwijsj (48)

¨ ¶µ± § ², ÎÉµ ¤²Ö ¸¨³³¥É·¨Î´µ° ³ É·¨ÍÒ ¢¥¸µ¢ wij = wji ¸ ´Ê²¥¢µ° ¤¨ £µ-
´ ²ÓÕ wii = 0 ¨  ¸¨´Ì·µ´´µ° ¤¨´ ³¨±µ° ¸¥É¨ ¥¥ Ô´¥·£¨Ö ¢ ·¥§Ê²ÓÉ É¥ Ô¢µ²Õ-
Í¨¨ Ê¡Ò¢ ¥É ¢ ²µ± ²Ó´Ò¥ ³¨´¨³Ê³Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÉµÎ± ³ ¸É ¡¨²Ó´µ¸É¨
¸¥É¨.
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‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢ÒÏ¥¸± § ´´Ò³ ¤²Ö ´ Ìµ¦¤¥´¨Ö ¸É Í¨µ´ ·´µ£µ ¸µ¸Éµ-
Ö´¨Ö ¸¥É¨ É·¥¡Ê¥É¸Ö ´ °É¨ ÉµÎ±Ê ³¨´¨³Ê³  Ô´¥·£¥É¨Î¥¸±µ£µ ËÊ´±Í¨µ´ ²  ¶µ
§´ Î¥´¨Ö³ ¸µ¸ÉµÖ´¨° ´¥°·µ´µ¢. �·¨³¥´¥´¨¥ ¸ ÔÉµ° Í¥²ÓÕ ³¥Éµ¤  £· ¤¨¥´-
É´µ£µ ¸¶Ê¸±  ± ËÊ´±Í¨µ´ ²Ê Ô´¥·£¨¨ (48) ¶·¨¢µ¤¨É ± ¸¨¸É¥³¥ Ê· ¢´¥´¨°,
µ¶·¥¤¥²ÖÕÐ¥° ¤¨´ ³¨±Ê ¸¥É¨:

sij =
1
2

(
1 + sign

(
− ∂E

∂sij

))
. (49)

�¤´ ±µ ¶·µÍ¥¤Ê·  ¨É¥· Í¨µ´´µ£µ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò (49) ¤²Ö ¸²ÊÎ Ö ¡¨-
´ ·´ÒÌ ´¥°·µ´µ¢ Î ¸Éµ ¶·¨¢µ¤¨É ¢ ± ±µ°-´¨¡Ê¤Ó ²µ± ²Ó´Ò° ³¨´¨³Ê³ ËÊ´±-
Í¨µ´ ²  Ô´¥·£¨¨. Š·µ³¥ Éµ£µ, ¢µ ³´µ£¨Ì ¶· ±É¨Î¥¸±¨Ì ¶·¨²µ¦¥´¨ÖÌ •
‘
¡¨´ ·´Ò¥ ´¥°·µ´Ò µ± §Ò¢ ÕÉ¸Ö ´¥·¥ ²¨¸É¨Î´µ° ¨¤¥ ²¨§ Í¨¥°. ‚ ÔÉµ° ¸¢Ö§¨
•µ¶Ë¨²¤ ¢ 1984 £. [74] ¶·¥¤²µ¦¨² µ¡µ¡Ð¥´¨¥ ¸¢µ¥° ³µ¤¥²¨ ˆ
‘ ´  ¸²ÊÎ °
´¥°·µ´µ¢ ¸ ´¥¶·¥·Ò¢´Ò³ ³´µ¦¥¸É¢µ³ ¸µ¸ÉµÖ´¨°.

‘É ´¤ ·É´Ò³ ¶ÊÉ¥³ ¶¥·¥Ìµ¤  ± ´¥°·µ´ ³ ¸ ´¥¶·¥·Ò¢´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨
Ö¢²Ö¥É¸Ö ¢¢¥¤¥´¨¥ ¸É É¨¸É¨Î¥¸±µ£µ ÏÊ³  ¢ ¸¨¸É¥³Ê ¸ ¶µ¸²¥¤ÊÕÐ¨³ ¶·¨³¥´¥-
´¨¥³ É¥µ·¨¨ ¸·¥¤´¥£µ ¶µ²Ö (¸³., ´ ¶·¨³¥·, [40]), ÎÉµ ¶·¨¢µ¤¨É ± Ê¸·¥¤´¥´¨Õ
§´ Î¥´¨° ¸µ¸ÉµÖ´¨° ´¥°·µ´µ¢ ¨ § ³¥´¥ ¸ÉÊ¶¥´Î Éµ° ËÊ´±Í¨¨ (49) ´  ËÊ´±-
Í¨Õ ¸¨£³µ¨¤ ²Ó´µ£µ ¢¨¤ ,  ´ ²µ£¨Î´ÊÕ (38) ¶·¨ λ = 1/T :

vij =
1
2

(
1 + tanh

(
− ∂E

∂vij

1
T

))
. (50)

‡¤¥¸Ó É¥³¶¥· ÉÊ·  T ¸µµÉ¢¥É¸É¢Ê¥É Ê·µ¢´Õ ¸É É¨¸É¨Î¥¸±µ£µ ÏÊ³ . ‚ ¸µµÉ¢¥É-
¸É¢¨¨ ¸ É¥µ·¨¥° ¸·¥¤´¥£µ ¶µ²Ö ¸µ¸ÉµÖ´¨Ö ´¥°·µ´µ¢ vij = 〈sij〉T Ê¸·¥¤´ÖÕÉ¸Ö
¶µ É¥³¶¥· ÉÊ·¥, ¨ §´ Î¥´¨Ö ¤¨¸±·¥É´ÒÌ ´¥°·µ´µ¢ ¸É ´µ¢ÖÉ¸Ö Ê¦¥ ´¥¶·¥·Ò¢-
´Ò³¨ ¢ µ¡² ¸É¨ [0, 1]. ‘ ¶µ³µÐÓÕ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (50) ¸µ¸ÉµÖ´¨Ö ´¥°·µ-
´µ¢ ¸¥É¨ ¨É¥· É¨¢´µ µ¡´µ¢²ÖÕÉ¸Ö ¤µ ¤µ¸É¨¦¥´¨Ö ¥Õ ¸É ¡¨²Ó´µ° ÉµÎ±¨. �¤-
´ ±µ Éµ, ÎÉµ ´¥°·µ´Ò É¥¶¥·Ó ´¥ Ö¢²ÖÕÉ¸Ö ¡¨´ ·´Ò³¨, ¶µ§¢µ²Ö¥É µ¶¥· É¨¢´µ
¸²¥¤¨ÉÓ §  É¥³¨ ¨§ ´¨Ì, ±µÉµ·Ò¥ ¸µ¥¤¨´ÖÕÉ ÉµÎ±¨ É·¥±µ¢ ¨ ¶µ¤ ¸É¨³Ê²¨·ÊÕ-
Ð¨³ ¢µ§¤¥°¸É¢¨¥³ ¢¥¸µ¢ ¶µ¸É¥¶¥´´µ Ê¢¥²¨Î¨¢ ÕÉ Ê·µ¢¥´Ó ¸¢µ¥°  ±É¨¢´µ¸É¨
¢ ¶·µÍ¥¸¸¥ Ô¢µ²ÕÍ¨¨ ¸¥É¨. ‚ ± Î¥¸É¢¥ ¶µ·µ£  Ê·µ¢´Ö  ±É¨¢´µ¸É¨ vij µ¡ÒÎ´µ
¢Ò¡¨· ¥É¸Ö vmin = 0, 1.

� ¡µÉÒ •µ¶Ë¨²¤  ¶µ·µ¤¨²¨ Î·¥§¢ÒÎ °´Ò° ¨´É¥·¥¸ ± É ±¨³ ¸¥ÉÖ³, ¢ Î ¸É-
´µ¸É¨, ¶µÉµ³Ê, ÎÉµ Ê¸É ´ ¢²¨¢ ² ¸Ó Ö¢´ Ö ¸¢Ö§Ó ¶·µÍ¥¸¸µ¢ ¨Ì Ô¢µ²ÕÍ¨¨ ¸
µ¡Ï¨·´Ò³ ±·Ê£µ³ ¶·µ¡²¥³ µ¶É¨³¨§ Í¨¨, Ëµ·³ ²¨§Ê¥³ÒÌ µ¡ÒÎ´µ ± ± § ¤ Î 
¶µ¨¸±  Ô±¸É·¥³Ê³  ËÊ´±Í¨µ´ ²  ¶·¨ ´ ²¨Î¨¨ µ£· ´¨Î¥´¨° ´  ¥£µ ¶ · ³¥É·Ò.

Š É ±¨³ § ¤ Î ³ µÉ´µ¸¨É¸Ö ¨ § ¤ Î  ¶µ¨¸±  É·¥±µ¢ ¶µ ¤ ´´Ò³ ±µµ·¤¨-
´ É´ÒÌ ¨§³¥·¥´¨° ¢ ¸µ¢·¥³¥´´ÒÌ Ô²¥±É·µ´´ÒÌ ¤¥É¥±Éµ· Ì É¨¶  ¶·µ¶µ·Í¨-
µ´ ²Ó´ÒÌ, ¤·¥°Ëµ¢ÒÌ ¨²¨ ¸É·¨¶µ¢ÒÌ ± ³¥·. …¸²¨ µ¶·¥¤¥²ÖÉÓ ¸¢Ö§¨ ³¥¦¤Ê
´¥°·µ´ ³¨ ¸¥É¨, ¨¸Ìµ¤Ö ¨§ ¨§³¥·¥´´ÒÌ §´ Î¥´¨° ±µµ·¤¨´ É, Éµ ÔÉµ ¶·¨¢µ¤¨É
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± Î·¥§³¥·´µ ¡µ²ÓÏµ³Ê Î¨¸²Ê ´¥°·µ´µ¢ ¨ ¥Ð¥ ¡µ²ÓÏ¥³Ê Î¨¸²Ê ³¥¦´¥°·µ´-
´ÒÌ ¸¢Ö§¥°, ¶µ¤ ¢²ÖÕÐ¥¥ ¡µ²ÓÏ¨´¸É¢µ ±µÉµ·ÒÌ ´¥ µÉ´µ¸¨²µ¸Ó ± É·¥± ³. ‚
¨Éµ£¥ ²Õ¡ Ö ¶·µ£· ³³´ Ö ·¥ ²¨§ Í¨Ö ¸¥É¨ µ± §Ò¢ ² ¸Ó ¸²¨Ï±µ³ £·µ³µ§¤±µ°
¨ · ¡µÉ ²  ´ ¸Éµ²Ó±µ ³¥¤²¥´´µ, ÎÉµ ¸É ´µ¢¨² ¸Ó ¡¥¸¶µ²¥§´µ° ¢ ¶· ±É¨Î¥-
¸±¨Ì ¶·¨²µ¦¥´¨ÖÌ. „²Ö ¡µ·Ó¡Ò ¸ ÔÉ¨³ ®¶·µ±²ÖÉ¨¥³ · §³¥·´µ¸É¨¯ ¢¥¸µ¢Ò¥
ËÊ´±Í¨¨ ¢¢µ¤¨²¨¸Ó É ±, ÎÉµ¡Ò ¶µµÐ·ÖÉÓ ¸¢Ö§¨ ´¥°·µ´µ¢, ¶·¨´ ¤²¥¦ Ð¨Ì µ¤-
´µ³Ê ¨ Éµ³Ê ¦¥ É·¥±Ê,   ¢ ËÊ´±Í¨µ´ ² Ô´¥·£¨¨ ¢¢µ¤¨²¨¸Ó ®µ£· ´¨Î¨¢ ÕÐ¨¥¯
Î²¥´Ò, § ¶·¥Ð ÕÐ¨¥ ± ± ³¥¦É·¥±µ¢Ò¥ ¸¢Ö§¨, É ± ¨ Î·¥§³¥·´Ò° ·µ¸É Î¨¸² 
¸ ³¨Ì É·¥±µ¢.

�¥·¢ÊÕ Ê¤ Î´ÊÕ ¶µ¶ÒÉ±Ê ¨¸¶µ²Ó§µ¢ ÉÓ ´¥°·µ´´Ò¥ ¸¥É¨ ¤²Ö · ¸¶µ§´ ¢ -
´¨Ö É·¥±µ¢ ¸¤¥² ²¨ �¥É¥·¸µ´ ¨ „¥´¡¨ [75Ä77]. ˆÌ ¶µ¤Ìµ¤ (É ± ´ §Ò¢ ¥³Ò°
³¥Éµ¤ ¸¥£³¥´Éµ¢) ¡Ò² ¶µ¤·µ¡´µ µ¶¨¸ ´ ¢ µ¡§µ·¥ [40], É ± ÎÉµ ³Ò §¤¥¸Ó
Éµ²Ó±µ Ê± ¦¥³, ÎÉµ ´  ³´µ¦¥¸É¢¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± ´  ¶²µ¸±µ¸É¨
¢¢µ¤¨²¨¸Ó ´¥°·µ´Ò vij , µ¶·¥¤¥²ÖÕÐ¨¥, ¸µ¥¤¨´ÖÕÉ¸Ö ÉµÎ±¨ i ¨ j ¨²¨ ´¥É, É. ¥.
¶·¨´ ¤²¥¦¨É ¤ ´´Ò° ´ ¶· ¢²¥´´Ò° ¸¥£³¥´É vij É·¥±Ê ¨²¨ ´¥É. ‚ ¤ ²Ó´¥°Ï¨Ì
¢ÒÎ¨¸²¥´¨ÖÌ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸Ì¥³µ° (50) ¸µ¸ÉµÖ´¨Ö ´¥°·µ´µ¢ ¶¥·¥¸É ÕÉ
¡ÒÉÓ Í¥²µÎ¨¸²¥´´Ò³¨. ˆÌ §´ Î¥´¨Ö ¨ µ¶·¥¤¥²ÖÕÉ Ê·µ¢¥´Ó  ±É¨¢´µ¸É¨ ´¥°-
·µ´ , É. ¥. ¢ ¸²ÊÎ ¥ vij > vmin ´¥°·µ´ ¸Î¨É ¥É¸Ö  ±É¨¢´Ò³. �´¥·£¥É¨Î¥¸±¨°
ËÊ´±Í¨µ´ ² ¢ · ¡µÉ Ì [75Ä77] ¡Ò² µ¶·¥¤¥²¥´ ± ± ¸µ¸ÉµÖÐ¨° ¨§ ¤¢ÊÌ Î ¸É¥°:

E = Ecost + Econstraint. (51)

�·¥¤¶µ² £ ²µ¸Ó, ÎÉµ · ¸¶µ§´ ¢ ´¨¥ ¢¥²µ¸Ó ¤²Ö £² ¤±¨Ì ¶·Ö³ÒÌ É·¥±µ¢ ¡¥§
· §¢¥É¢²¥´¨°. �µÔÉµ³Ê ¶¥·¢Ò° ¸Éµ¨³µ¸É´Ò° Î²¥´ ¢Ò¡¨· ²¸Ö É ±, ÎÉµ¡Ò µ´
¶µµÐ·Ö² ±µ·µÉ±¨¥ ¸³¥¦´Ò¥ ¸¥£³¥´ÉÒ ¸ ³ ²Ò³ Ê£²µ³ ³¥¦¤Ê ´¨³¨,   ¢Éµ·µ°
Î²¥´ (ÏÉ· Ë´µ°) Ê¸É ´ ¢²¨¢ ² § ¶·¥É · §¢¥É¢²¥´¨° (É. ¥. § ¶·¥É ¸¨ÉÊ Í¨°,
±µ£¤  ± µ¤´µ° ÉµÎ±¥ ¶·¨¸µ¥¤¨´¥´µ ¡µ²ÓÏ¥ µ¤´µ£µ ¸¥£³¥´É -´¥°·µ´ ) ¨ ¡ ² ´¸
³¥¦¤Ê Î¨¸²µ³  ±É¨¢´ÒÌ ´¥°·µ´µ¢ ¨ Î¨¸²µ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥±.

Š ¸µ¦ ²¥´¨Õ, ÔÉ  ¸Ì¥³  „¥´¡¨Ä�¥É¥·¸µ´ , ¶·¨´Í¨¶¨ ²Ó´µ § ¶·¥Ð Õ-
Ð Ö ¡¨ËÊ·± Í¨Õ É·¥± , ¡Ò²  ´¥¶·¨³¥´¨³  ¢ ¸²ÊÎ ÖÌ · ¸¶ ¤µ¢ ´¥°É· ²Ó-
´ÒÌ ¨ ·µ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ µ¡Ñ¥³¥ ¤¥É¥±Éµ· . �µÔÉµ³Ê ¢ Ìµ¤¥
· ¡µÉÒ [79], ¢ ±µÉµ·µ° ¨¸¸²¥¤µ¢ ²¨¸Ó ¤ ´´Ò¥ · ¸¶ ¤  ´¥°É· ²Ó´ÒÌ ± µ´µ¢ ¨
£¨¶¥·µ´µ¢, ¶·¨Ï²µ¸Ó ³µ¤¨Ë¨Í¨·µ¢ ÉÓ ÏÉ· Ë´µ° Î²¥´ Ô´¥·£¥É¨Î¥¸±µ° ËÊ´±-
Í¨¨ É ±, ÎÉµ¡Ò µ´ ¶µ§¢µ²Ö² µ¸ÊÐ¥¸É¢²ÖÉÓ · ¸¶µ§´ ¢ ´¨¥ · §¢¥É¢²¥´¨°. „²Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¸³Ö£Î¥´¨Ö ÔÉµ° ÏÉ· Ë´µ° Î ¸É¨ µ´  ¨¸¶µ²Ó§µ¢ ² ¸Ó Éµ²Ó±µ
Éµ£¤ , ±µ£¤  ±µ²¨Î¥¸É¢µ  ±É¨¢´ÒÌ ´¥°·µ´µ¢, ¨³¥ÕÐ¨Ì µ¡ÐÊÕ ÉµÎ±Ê ¸ ¤ ´-
´Ò³ ´¥°·µ´µ³, ¶·¥¢ÒÏ ²µ Î¥ÉÒ·¥,   ¢ µ¸É ²Ó´ÒÌ ¸²ÊÎ ÖÌ ¡· ² ¸Ó Éµ²Ó±µ ¥¥
¶µ²µ¢¨´ . �·¨³¥· · ¡µÉÒ ¸¥É¨ ¤ ´ ´  ·¨¸. 21, £¤¥ ·¥ ²Ó´Ò¥ É·¥±¨ ¶µ± § ´Ò
¸¶²µÏ´µ° ²¨´¨¥°,   ²µ¦´Ò¥ ¸¢Ö§¨ µÉ³¥Î¥´Ò ¶Ê´±É¨·µ³. ‚ ÉÖ¦¥²ÒÌ Ëµ´µ-
¢ÒÌ Ê¸²µ¢¨ÖÌ ¨ ¶·¨ Ô±¸¶¥·¨³¥´É ²Ó´µ° ´¥ÔËË¥±É¨¢´µ¸É¨ ± ³¥· ¤¥°¸É¢ÊÕÐ Ö
¶·µ£· ³³  µ¡· ¡µÉ±¨ Ô±¸¶¥·¨³¥´É  EXCHARM ´¥ · ¸¶µ§´ ²  5,2% ¸µ¡ÒÉ¨°,
  ¶·µ£· ³³ , µ¸´µ¢ ´´ Ö ´  ˆ
‘, 3,2%. �·¨ ÔÉµ³ ¨§ ´¥· ¸¶µ§´ ´´ÒÌ ¸µ-
¡ÒÉ¨° ¤²Ö · §´ÒÌ ¶·µ£· ³³ ¸µ¢¶ ²¨ Éµ²Ó±µ 0,8% µÉ µ¡Ð¥£µ Î¨¸²  ¸µ¡ÒÉ¨°,
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�¨¸. 21. ˆ¸Ìµ¤´µ¥ (a) ¨ ±µ´¥Î´µ¥ (¡) ¸µ¸ÉµÖ´¨Ö ¸¥É¨

É. ¥. ÔÉ¨ ¤¢  ³´µ¦¥¸É¢  ¶²µÌµ · ¸¶µ§´ ´´ÒÌ ¸µ¡ÒÉ¨° ¨³¥ÕÉ ³ ²ÊÕ µ¡² ¸ÉÓ ¶¥-
·¥¸¥Î¥´¨Ö. ’ ±¨³ µ¡· §µ³, ¢µ§´¨±²  ¨¤¥Ö ÔËË¥±É¨¢´µ£µ ±µ³¡¨´¨·µ¢ ´´µ£µ
 ²£µ·¨É³  ¢µ¸¸É ´µ¢²¥´¨Ö É·¥±µ¢ ¶·¨ ´¥§´ Î¨É¥²Ó´µ³ Ê¢¥²¨Î¥´¨¨ ¢·¥³¥´´ÒÌ
§ É· É ´  µ¡· ¡µÉ±Ê. ˆ¤¥Ö § ±²ÕÎ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³: ¶µ¸²¥ · ¸¶µ§´ ¢ ´¨Ö
x- ¨ y-¶·µ¥±Í¨° É·¥±µ¢ ¡µ²¥¥ ¡Ò¸É·Ò³ ³¥Éµ¤µ³ µ¶µ·´ÒÌ ¤µ·µ¦¥± ¢ ¶·µ-
£· ³³¥ µ¡· ¡µÉ±¨ ¶·µ¨§¢µ¤¨É¸Ö ¶·µ¸É· ´¸É¢¥´´ Ö ®¸Ï¨¢± ¯ ÔÉ¨Ì ¶·µ¥±Í¨°.
…¸²¨ Î ¸ÉÓ ´ ¤¥¦´µ ´ °¤¥´´ÒÌ ¶·µ¥±Í¨° ´¥ ¨³¥¥É ¸Ï¨¢µ±, Éµ ¢±²ÕÎ ¥É¸Ö
´¥°·µ¸¥É¥¢µ°  ²£µ·¨É³, ±µÉµ·Ò° ¢ ¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ Ê¸¶¥Ï´µ ·¥Ï ¥É § -
¤ ÎÊ · ¸¶µ§´ ¢ ´¨Ö É·¥±µ¢ ¢ É ±¨Ì ¸µ¡ÒÉ¨ÖÌ.

Šµ³¡¨´¨·µ¢ ´´Ò°  ²£µ·¨É³ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ˆ
‘ ¡Ò² µ¶·µ¡µ¢ ´ ¨ ´ 
·¥ ²Ó´ÒÌ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  EXCHARM ¨ ¶µ§¢µ²¨² ¤µ¸É¨ÎÓ 99% ÔËË¥±-
É¨¢´µ¸É¨ · ¸¶µ§´ ¢ ´¨Ö ¸µ¡ÒÉ¨°.

‚ µ¡§µ· Ì [40, 80] É ±¦¥ ¡Ò²µ ¤ ´µ ¶µ¤·µ¡´µ¥ µ¶¨¸ ´¨¥ ³¥Éµ¤  ·µÉµ·-
´ÒÌ ˆ<‘ ¸ ¶·¥Ë¨²ÓÉ· Í¨¥° ¤ ´´ÒÌ ¸ ¶µ³µÐÓÕ ±²¥ÉµÎ´ÒÌ  ¢Éµ³ Éµ¢ ¨ ¥£µ
¶·¨³¥´¥´¨¥ ¤²Ö · ¸¶µ§´ ¢ ´¨Ö É·¥±µ¢ ¢ ³ £´¨É´µ³ ¶µ²¥. �ÉµÉ ³¥Éµ¤ ¡Ò²
¸ Ê¸¶¥Ìµ³ ¶·¨³¥´¥´ ¤²Ö · ¸¶µ§´ ¢ ´¨Ö É·¥±µ¢ ¶µ ¤ ´´Ò³, ¶µ²ÊÎ¥´´Ò³ ´ 
¸¶¥±É·µ³¥É·¥ ARES [78]. 
 ¶µ³´¨³, ÎÉµ ·µÉµ·µ³-´¥°·µ´µ³ ¢ ÔÉµ° · ¡µÉ¥
´ §¢ ´ ¢¥±Éµ· vi, ¨¸Ìµ¤ÖÐ¨° ¨§ ÉµÎ±¨, ¨§³¥·¥´´µ° ´  É·¥±¥, ¶·¥¤¸É ¢²ÖÕÐ¥³
¤Ê£Ê µ±·Ê¦´µ¸É¨. 
 ¶· ¢²¥´¨¥ ·µÉµ·  ¤µ²¦´µ ¢ ¨¤¥ ²¥ ¨¤É¨ ¶µ ± ¸ É¥²Ó´µ°
± É·¥±Ê,   ³µ¤Ê²Ó ¤µ²¦¥´ Ì · ±É¥·¨§µ¢ ÉÓ ¨´É¥´¸¨¢´µ¸ÉÓ ¢µ§¤¥°¸É¢¨Ö ÔÉµ£µ
´¥°·µ´  ´  µ¸É ²Ó´Ò¥. Š ± ¶µ± § ´µ ¢ [78], Ô´¥·£¥É¨Î¥¸±¨° ËÊ´±Í¨µ´ ² É -
±µ° ¸¥É¨ ¢Ò· ¦ ¥É¸Ö µ¡Ð¥° Ëµ·³Ê²µ° (48) ¸ ¢¥¸ ³¨

wij =
(

cos 2ϕij sin 2ϕij
sin 2ϕij − cos 2ϕij

)
, (52)

£¤¥ ϕij Å Ê£µ² ³¥¦¤Ê Ìµ·¤µ° rij , ¸µ¥¤¨´ÖÕÐ¥° ´ Î ²Ó´Ò¥ ÉµÎ±¨ i-£µ ¨ j-£µ
·µÉµ·µ¢, ¨ µ¸ÓÕ 0X.

ŒÒ Ê± ¦¥³ §¤¥¸Ó ´  ¤¢  ´ ¶· ¢²¥´¨Ö, ¶µ ±µÉµ·Ò³ ¶µÏ²µ ¤ ²¥¥ · §¢¨É¨¥
ÔÉµ£µ ¶µ¤Ìµ¤ :
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�¨¸. 22. „¢Ê³¥·´µ¥ (a) ¨ É·¥Ì³¥·´µ¥ ¨§µ¡· ¦¥´¨Ö ¨µ´µ£· ³³Ò ¸ ÊÎ¥Éµ³  ³¶²¨ÉÊ¤Ò
¸¨£´ ²  (¡)

• ³µ¤¨Ë¨± Í¨Ö ·µÉµ·´ÒÌ ˆ
‘ ¤²Ö µ¡· ¡µÉ±¨ ¤ ´´ÒÌ ¨µ´µ£· ³³;

• ¶·¨³¥´¥´¨¥ ±²¥ÉµÎ´ÒÌ  ¢Éµ³ Éµ¢ (Š�).

2.2.1. �´ ²¨§ ¨µ´µ£· ³³. „ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ¢¥·É¨± ²Ó´µ£µ
§µ´¤¨·µ¢ ´¨Ö ¨µ´µ¸Ë¥·Ò, ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ µÉ¸Î¥Éµ¢
Î ¸ÉµÉÒ ¸¨£´ ² , ¥£µ  ³¶²¨ÉÊ¤Ò ¨ ¢·¥³¥´¨ ¶·¨Ìµ¤  ¶µ¸²¥ µÉ· ¦¥´¨Ö µÉ ¨µ-
´µ¸Ë¥·´µ£µ ¸²µÖ [81,84]. ’¨¶¨Î´ Ö ¨µ´µ£· ³³  ¢¥·É¨± ²Ó´µ£µ §µ´¤¨·µ¢ ´¨Ö
¶µ± § ´  ´  ·¨¸. 22,  , £¤¥ ¶µ µ¸¨  ¡¸Í¨c¸ ¤ ´  ¨§³¥·¥´´ Ö Î ¸ÉµÉ  ¸¨£´ ² ,
¶µ µ¸¨ µ·¤¨´ É Å ¢Ò¸µÉ  ¸²µÖ. � ¸¶²Ò¢Î ÉÒ¥ ±·¨¢Ò¥, ¸Ëµ·³¨·µ¢ ´´Ò¥
µÉ¸Î¥É ³¨, É ± ¦¥, ± ± ¢ ”‚�, ´ §Ò¢ ÕÉ¸Ö É·¥± ³¨. ˆµ´µ¸Ë¥·´Ò¥ É·¥±¨ ³µ-
£ÊÉ ¶¥·¥¸¥± ÉÓ¸Ö ¨ ¨¸± ¦ ÉÓ¸Ö ¢¥·É¨± ²Ó´Ò³¨ ¶µ³¥Ì ³¨. …¸²¨ ÊÎ¥¸ÉÓ ¥Ð¥ ¨
 ³¶²¨ÉÊ¤Ò ¶·¨Ìµ¤ÖÐ¨Ì µÉ¸Î¥Éµ¢, Éµ ¶µ²ÊÎ¨³ É·¥Ì³¥·´ÊÕ ± ·É¨´±Ê, ¨§µ¡· -
¦¥´´ÊÕ ´  ·¨¸. 22, ¡, ´ ¶µ³¨´ ÕÐÊÕ £µ·´Ò° ¶¥°§ ¦. ‡ ¤ Î  ¸µ¸Éµ¨É ¢ Éµ³,
ÎÉµ¡Ò ¸ ³¨´¨³ ²Ó´Ò³¨ ¢·¥³¥´´Ò³¨ § É· É ³¨ ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö  ¶·¨µ·-
´µ° ¨´Ëµ·³ Í¨¨ · ¸¶µ§´ ÉÓ ¨µ´µ¸Ë¥·´Ò¥ É·¥±¨ ¨  ¶¶·µ±¸¨³¨·µ¢ ÉÓ ¨Ì ¶µ
ÉµÎ± ³ ´ ¨¡µ²ÓÏ¥°  ³¶²¨ÉÊ¤Ò, É. ¥., ¶µ  ²Ó¶¨´¨¸É¸±µ° É¥·³¨´µ²µ£¨¨, § Ë¨±-
¸¨·µ¢ ÉÓ É· ¢¥·¸Ò ¢¸¥Ì ®Ì·¥¡Éµ¢¯. �É  § ¤ Î  ¡Ò²  Ê¸¶¥Ï´µ ·¥Ï¥´  ¢ [81]
³¥Éµ¤µ³ ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ·µÉµ·´ÒÌ •
‘ ¸ ¶·¥¤¢ ·¨É¥²Ó´µ° µ¡· ¡µÉ±µ°
¤ ´´ÒÌ ¸ ¶µ³µÐÓÕ ±²¥ÉµÎ´ÒÌ  ¢Éµ³ Éµ¢. �¸´µ¢´µ° Í¥²ÓÕ ÔÉµ° ¶·¥¤µ¡· -
¡µÉ±¨ ¡Ò²µ Ê¸É· ´¥´¨¥ ¢¥·É¨± ²Ó´ÒÌ ¶µ³¥Ì ¨ § ¶µ²´¥´¨¥ ¶·µ¶ÊÐ¥´´ÒÌ µÉ-
¸Î¥Éµ¢. �µ¸²¥ ÔÉµ£µ ¤²Ö ± ¦¤µ£µ Î ¸ÉµÉ´µ£µ ±² ¸É¥·  ´ Ìµ¤¨² ¸Ó ´ ¨¡µ²ÓÏ Ö
 ³¶²¨ÉÊ¤ . �µ¸²¥ ¶·¥¤µ¡· ¡µÉ±¨, ¸µ±· Ð ¢Ï¥° µ¡Ñ¥³ ¤ ´´ÒÌ ¢ 5Ä10 · §, ¤ ´-
´Ò¥ ¶µ¸ÉÊ¶ ²¨ ¢ ·µÉµ·´ÊÕ ˆ
‘, ±µÉµ·ÊÕ ¶·¨Ï²µ¸Ó ³µ¤¨Ë¨Í¨·µ¢ ÉÓ, ÎÉµ¡Ò
¸¶· ¢¨ÉÓ¸Ö c ¶¥·¥³¥´´µ° ±·¨¢¨§´µ° É·¥±µ¢ ¨µ´µ¢. Œµ¤¨Ë¨± Í¨Ö ¸µ¸ÉµÖ²  ¢
µÉ± §¥ µÉ £²µ¡ ²Ó´µ°  ¶¶·µ±¸¨³ Í¨¨ É·¥±  µ±·Ê¦´µ¸ÉÓÕ ¨ ¢¢¥¤¥´¨¨ ¸±µ²Ó§Ö-
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Ð¥£µ µ±´  ¶·µ¸³µÉ· , · §³¥· ±µÉµ·µ£µ ¢Ò¡¨· ²¸Ö É ±, ÎÉµ¡Ò ¢ ¥£µ ¶·¥¤¥² Ì
²µ± ²Ó´ Ö  ¶¶·µ±¸¨³ Í¨Ö µ±·Ê¦´µ¸ÉÓÕ ¢Ò¶µ²´Ö² ¸Ó ¸ § ¤ ´´µ° ÉµÎ´µ¸ÉÓÕ.
ˆ¤¥Ö ¸±µ²Ó§ÖÐ¥£µ µ±´  Ê¶·µ¸É¨²  ¨ Ê¸±µ·¨²  É ±¦¥ ¶·µÍ¥¤Ê·Ê µ¶·¥¤¥²¥´¨Ö
´ Î ²Ó´µ° ±µ´Ë¨£Ê· Í¨¨ ¸¥É¨ ¶ÊÉ¥³ Ê£²µ¢µ£µ £¨¸Éµ£· ³³¨·µ¢ ´¨Ö (¸³. [78]),
µ£· ´¨Î¨¢ ¥¥ ¶·¥¤¥² ³¨ É¥±ÊÐ¥£µ µ±´ . ’ ±¨³ µ¡· §µ³, ¨´¨Í¨ ²¨§ Í¨Ö ¶µ
¸¦ ÉÒ³ ¤ ´´Ò³ ¢Ò¶µ²´Ö² ¸Ó ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: ± ¦¤ Ö ÉµÎ±  ¶µ³¥Ð ² ¸Ó
¢ ¸¥·¥¤¨´Ê ²¥¢µ° ¸Éµ·µ´Ò µ±´ , · §¡¨Éµ£µ ´  Ê£²µ¢Ò¥ ¸¥±Éµ·  ¢ 1◦. �µ¤¸Î¨-
ÉÒ¢ ²µ¸Ó Î¨¸²µ ÉµÎ¥± ¢ ¶·¥¤¥² Ì µ±´ , ¶µ¶ ¢Ï¨Ì ¢ ± ¦¤Ò° ¸¥±Éµ·. –¥´É·
ÉÖ¦¥¸É¨ É·¥Ì ¸³¥¦´ÒÌ ÖÎ¥¥± ¸ ³ ±¸¨³Ê³µ³ ÔÉµ° £¨¸Éµ£· ³³Ò ¢ ¸¥·¥¤¨´¥ ¨
¡· ²¸Ö ¢ ± Î¥¸É¢¥ ´ ¶· ¢²¥´¨Ö ·µÉµ· ,   §  ³µ¤Ê²Ó ¶·¨´¨³ ²µ¸Ó ¸·¥¤´¥¥ µÉ
Î¨¸²  ÉµÎ¥± ¢ ÔÉ¨Ì É·¥Ì ÖÎ¥°± Ì. „¨´ ³¨±  ¸·¥¤´¥£µ ¶µ²Ö ¤²Ö Ô¢µ²ÕÍ¨¨
·µÉµ·  µ¶·¥¤¥²Ö² ¸Ó ¨§¢¥¸É´µ° Ëµ·³Ê²µ° [40,80]:

vi = tanh


∑
j=1

wijvj/T


 (53)

¸ T = 1, 5. �·µÍ¥¤Ê·  ¸Ìµ¤¨² ¸Ó ¢ ¸·¥¤´¥³ §  3Ä5 ¨É¥· Í¨°, ÎÉµ ¶µ¤É¢¥·¤¨²µ
¥¥ ÔËË¥±É¨¢´µ¸ÉÓ,   É ±¦¥ µ¶· ¢¤ ²µ §´ Î¨É¥²Ó´Ò¥ ¢·¥³¥´´Ò¥ § É· ÉÒ ´ 
¨´¨Í¨ ²¨§ Í¨Õ ·µÉµ·µ¢, § ´¨³ ¢ÏÊÕ ¨´µ£¤  ¤µ 90% ¢·¥³¥´¨ µ¡· ¡µÉ±¨. ‚
¤ ²Ó´¥°Ï¥³ ÔÉµÉ ³¥Éµ¤ ¨ ·¥ ²¨§ÊÕÐ Ö ¥£µ ¶·µ£· ³³a  ±É¨¢´µ ¨¸¶µ²Ó§µ¢ -
²¨¸Ó ¢ ·¥ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨ÖÌ ¨µ´µ¸Ë¥·Ò ¢ �µ¸¸¨¨ ¨
‘˜� [82Ä84].

2.2.2. 
·¨³¥´¥´¨¥ ±²¥ÉµÎ´ÒÌ  ¢Éµ³ Éµ¢. ’· ±ÉÊÖ ´¥°·µ´´Ò¥ ¸¥É¨ ± ±
¤¨¸±·¥É´Ò¥ ¤¨´ ³¨Î¥¸±¨¥ ¸¨¸É¥³Ò, ³µ¦´µ ¨ ±²¥ÉµÎ´Ò¥  ¢Éµ³ ÉÒ · ¸¸³ -
É·¨¢ ÉÓ ± ± ¢ ·¨ ´É É ±µ° ¶·µ¸Éµ° ´¥°·µ´´µ° ¸¥É¨, ¢ ±µÉµ·µ° ´¥°·µ´Ò-
±²¥É±¨ ¶·¨´¨³ ÕÉ ²¨ÏÓ ±µ´¥Î´µ¥ ¤¨¸±·¥É´µ¥ ³´µ¦¥¸É¢µ ¸µ¸ÉµÖ´¨° (Î ¸Éµ
¢¸¥£µ ¤¢ ), ¨Ì ¸¢Ö§¨ ²µ± ²¨§µ¢ ´Ò ¡²¨¦ °Ï¨³¨ ¸µ¸¥¤Ö³¨, ¶· ¢¨²  Ô¢µ²ÕÍ¨¨
É ±¦¥ ¦¥¸É±µ µ¶·¥¤¥²¥´Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ ´¨Ì, ¨, ´ ±µ´¥Í, ¸ ³  Ô¢µ²ÕÍ¨Ö
¶·µ¨¸Ìµ¤¨É ¢ É ±Éµ¢Ò¥ ³µ³¥´ÉÒ ¢·¥³¥´¨, ¸¨´Ì·µ´´Ò¥ ¤²Ö ¢¸¥Ì ±²¥Éµ±  ¢Éµ-
³ É . ’¥³ ´¥ ³¥´¥¥ ÔÉ  ± ¦ÊÐ Ö¸Ö ¶·µ¸ÉµÉ  ¸É·Ê±ÉÊ·Ò ¨ ¤¨´ ³¨±¨ ¶µ§¢µ²Ö¥É
µ·£ ´¨§µ¢ ÉÓ ¸ ³Ò¥ Ê¤¨¢¨É¥²Ó´Ò¥ ¨ ¶µ²¥§´Ò¥ ¶·¨³¥´¥´¨Ö Š�. ‚ ¸µµÉ¢¥É-
¸É¢¨¨ ¸ É¥³µ° ¤ ´´µ£µ µ¡§µ·  ³Ò µ£· ´¨Î¨³¸Ö Éµ²Ó±µ ¶·¨³¥´¥´¨Ö³¨ Š� ¢
”‚�, µÉ¸Ò² Ö Î¨É É¥²Ö ± ¨³¥ÕÐ¥°¸Ö ²¨É¥· ÉÊ·¥ ¶µ ¶µ¢µ¤Ê ¨´ÒÌ ¶·¨²µ¦¥-
´¨° [101,102].

�· ¢¨²  ¶µ¸É·µ¥´¨Ö ±²¥ÉµÎ´µ£µ  ¢Éµ³ É  ¤²Ö µÉ¸¥¢  ÏÊ³µ¢ÒÌ µÉ¸Î¥Éµ¢,
§ ¶µ²´¥´¨Ö ¶·µ¶Ê¸±µ¢ ¨ · ¸¶µ§´ ¢ ´¨Ö ¸¢Ö§´ÒÌ £·Ê¶¶ ÉµÎ¥± ¢ ¶·µÍ¥¸¸¥ Ô¢µ-
²ÕÍ¨¨ Š� ¡Ò²¨ ¶·¥¤²µ¦¥´Ò ¢ [99] ± ± µ¡µ¡Ð¥´¨¥ ¶· ¢¨² ¨§¢¥¸É´µ° ¨£·Ò
®¦¨§´Ó¯ [103]. ‚ ¤ ²Ó´¥°Ï¥³ ÔÉ¨ ¶· ¢¨²  ¶·¨³¥´Ö²¨¸Ó ¸ ´¥µ¡Ìµ¤¨³Ò³¨ ³µ-
¤¨Ë¨± Í¨Ö³¨ ¤²Ö ¶·¥¤¢ ·¨É¥²Ó´µ£µ £·Ê¡µ£µ · ¸¶µ§´ ¢ ´¨Ö ¸¥£³¥´Éµ¢ É·¥±µ¢
¸ ¶µ¸²¥¤ÊÕÐ¨³ ¡µ²¥¥ ÉµÎ´Ò³ · ¸¶µ§´ ¢ ´¨¥³ É·¥±µ¢ ¨²¨ ¢¥·Ï¨´ ¸µ¡ÒÉ¨°
¶ÊÉ¥³ ¶·¨³¥´¥´¨Ö ˆ
‘.
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�É¨ ³µ¤¨Ë¨± Í¨¨ ¡Ò²¨ ´¥µ¡Ìµ¤¨³Ò ¤²Ö ¢¢¥¤¥´¨Ö ±·¨É¥·¨Ö ¡²¨§µ¸É¨
±²¥Éµ± ¶µ ´ ¶· ¢²¥´¨Õ ¢¤µ²Ó É·¥± . �µ¤µ¡´µ Éµ³Ê, ± ± ÔÉµ ¤¥² ²µ¸Ó ¢ ¸¥£-
³¥´É´µ° ³µ¤¥²¨ ˆ
‘ „¥´¡¨Ä�¥É¥·¸µ´  [75Ä77], ±²¥É±  µ¶·¥¤¥²Ö² ¸Ó ± ±
¸¥£³¥´É, ¸µ¥¤¨´ÖÕÐ¨° ¤¢  µÉ¸Î¥É  ´  ¸µ¸¥¤´¨Ì ±µµ·¤¨´ É´ÒÌ ¶²µ¸±µ¸ÉÖÌ (¸
ÊÎ¥Éµ³ ´¥ÔËË¥±É¨¢´µ¸É¨ ± ³¥· ¤µ¶Ê¸± ²¨¸Ó ¸µ¥¤¨´¥´¨Ö ¨ ¸µ ¸²¥¤ÊÕÐ¥° ± -
³¥·µ°). ‘µ¸¥¤¸É¢µ Ê¸É ´ ¢²¨¢ ²µ¸Ó ¶µ ¡²¨§µ¸É¨ ¸¥£³¥´Éµ¢ ¶µ ´ ¶· ¢²¥´¨Õ,
É. ¥. § ¶·¥Ð ²¨¸Ó ¡µ²ÓÏ¨¥ Ê£²Ò (ÌµÉÖ ¢µ§³µ¦´µ¸ÉÓ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö
³µ£²  ¤µ¶Ê¸± ÉÓ¸Ö). �·¨ ¨´¨Í¨ ²¨§ Í¨¨ §´ Î¥´¨Ö ±²¥Éµ± ¸ ¤µ¶Ê¸É¨³Ò³¨
´ ±²µ´ ³¨ ¸¥£³¥´Éµ¢ Ê¸É ´ ¢²¨¢ ²¨¸Ó ¢ ¥¤¨´¨ÍÊ, § É¥³ ¢ ¶·µÍ¥¸¸¥ Ô¢µ²ÕÍ¨¨
§´ Î¥´¨¥ ±²¥É±¨ Ê¢¥²¨Î¨¢ ²µ¸Ó ´  ¥¤¨´¨ÍÊ, ¥¸²¨ Ê ¸µ¸¥¤  ´  ¶·¥¤Ò¤ÊÐ¥³ ¸²µ¥
¡Ò²µ Éµ ¦¥ §´ Î¥´¨¥. �¢µ²ÕÍ¨Ö ¶·¥±· Ð ² ¸Ó, ±µ£¤  ´¥ µ¸É ¢ ²µ¸Ó ±²¥Éµ± ¸
µ¤¨´ ±µ¢Ò³¨ §´ Î¥´¨Ö³¨. �µ¸²¥ ÔÉµ£µ É·¥±¨ ¸µ¡¨· ²¨¸Ó, ´ Î¨´ Ö ¸ ±²¥É±¨
¸ ´ ¨¡µ²ÓÏ¨³ §´ Î¥´¨¥³, ¶ÊÉ¥³ ¶·¨¸µ¥¤¨´¥´¨Ö ¸µ¸¥¤¥° ¸ ¶·¥¤Ò¤ÊÐ¨³¨ §´ -
Î¥´¨Ö³¨ ¶·¨ ¤¢¨¦¥´¨¨ ´ § ¤ ¢¤µ²Ó ¤¥·¥¢ . …¸²¨ ¶µÖ¢²Ö²¨¸Ó ²¨Ï´¨¥ ¢¥É¢¨,
µ¸É ¢²Ö²¨¸Ó ¡µ²¥¥ ¤²¨´´Ò¥ ¨ £² ¤±¨¥. 
  § ±²ÕÎ¨É¥²Ó´µ° ¸É ¤¨¨ ¶·µ¢¥·Ö-
²µ¸Ó ± Î¥¸É¢µ É·¥±µ¢ ¤²Ö µÉ¸¥¢  ²µ¦´ÒÌ ¨§ ´¨Ì ¶µ ±·¨É¥·¨Õ χ2 ¨ ¡µ²ÓÏ¥³Ê
Î¨¸²Ê ¸¥£³¥´Éµ¢ [107].

‚ · ¡µÉ Ì [104, 105] ¢ Ô±¸¶¥·¨³¥´É Ì DISTO ¨ STREAMER É ±µ° Š�
¶·¨³¥´Ö²¸Ö ¢´ Î ²¥ ¤²Ö · ¸¶µ§´ ¢ ´¨Ö ¶·Ö³µ²¨´¥°´ÒÌ É·¥±µ¢, ¶µ¸²¥ Î¥£µ
¤²Ö ¶µ¨¸±  ¢Éµ·¨Î´µ° ¢¥·Ï¨´Ò ¨ ¨¤¥´É¨Ë¨± Í¨¨ µ¡´ ·Ê¦¥´´ÒÌ Î ¸É¨Í ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó ˆ
‘ É¨¶  Œ‘�. ‚ · ¡µÉ¥ [107] Š� ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ Ô±¸¶¥-
·¨³¥´É¥ NEMO-2 ¤²Ö ¶µ¨¸±  ¸¥£³¥´Éµ¢ É·¥±µ¢, ±µÉµ·Ò¥ § É¥³ ¶µ¤£µ´Ö²¨¸Ó
³¥Éµ¤µ³ Ô² ¸É¨Î´ÒÌ ˆ
‘ (¸³. · §¤. 3). ‚ ´¥¤ ¢´¥° ¶Ê¡²¨± Í¨¨ [108] ¶·¨¢¥-
¤¥´Ò ¤ ´´Ò¥ µ¡ Ê¸¶¥Ï´µ³ ¶·¨³¥´¥´¨¨ ¶·µ£· ³³Ò CATS, ·¥ ²¨§ÊÕÐ¥° Š�
¤²Ö µ¡· ¡µÉ±¨ É·¥±µ¢ ¢ ¢¥·Ï¨´´µ³ ¤¥É¥±Éµ·¥ Ê¸É ´µ¢±¨ HERA-B.

‚ · ¡µÉ Ì [86, 109] Ê¤ ²µ¸Ó ¸±µ´¸É·Ê¨·µ¢ ÉÓ ±²¥ÉµÎ´Ò°  ¢Éµ³ É ¸µ¢¥·-
Ï¥´´µ ¤·Ê£µ° ¸É·Ê±ÉÊ·Ò ¤²Ö £¥´¥· Í¨¨ ¸²ÊÎ °´ÒÌ ³´µ£µ³¥·´ÒÌ ¢¥±Éµ·µ¢,
ÎÉµ ´¥µ¡Ìµ¤¨³µ ¶·¨ ·¥Ï¥´¨¨ ³´µ£¨Ì  ±ÉÊ ²Ó´ÒÌ § ¤ Î Ë¨§¨Î¥¸±µ£µ ³µ¤¥-
²¨·µ¢ ´¨Ö ³¥Éµ¤µ³ Œµ´Ée-Š ·²µ (¸³., ´ ¶·¨³¥·, [112]). ‚ [86] · ¸¸³µÉ·¥´
¤¢Ê³¥·´Ò° ¡¨´ ·´Ò° ±²¥ÉµÎ´Ò°  ¢Éµ³ É („fŠ�) ´  · ¸É·¥ ¨§ N × 31 ±²¥-
Éµ±, ¸¢¥·´ÊÉµ³ ¢ Éµ· ¢¤µ²Ó ¸Éµ·µ´Ò ¸ N ±²¥É± ³¨. ‘· ¢´¨¢ ²¨¸Ó ¤¢  ¶· ¢¨² 
Ô¢µ²ÕÍ¨¨ „fŠ�: ÖÎ¥°±  aij ¶·¨´¨³ ¥É §´ Î¥´¨¥, · ¢´µ¥:

1) ¸Ê³³¥ ¶µ mod 2 §´ Î¥´¨° ¢µ¸Ó³¨ ¸µ¸¥¤¥°, µ±·Ê¦ ÕÐ¨Ì ÔÉÊ ÖÎ¥°±Ê, É. ¥.

a′ij =


 i+1∑
i′=i−1

j+1∑
j′=j−1

ai′j′


mod 2; (54)

2) Éµ° ¦¥ ¸Ê³³¥, ´µ ¸ ¤µ¡ ¢±µ° aij ∗ ai+1,j+1mod 2, É. ¥.

a′ij =


 i+1∑
i′=i−1

j+1∑
j′=j−1

ai′j′ + aij ∗ ai+1,j+1


mod 2. (55)
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�·¨ ¶· ¢¨²Ó´µ ¢Ò¡· ´´µ³  ²£µ·¨É³¥ Ô¢µ²ÕÍ¨¨ „fŠ� ¶µ¸²¥ ¥¥ § ¢¥·Ï¥-
´¨Ö ± ¦¤ Ö ¨§ N ¸É·µ± µ¡´µ¢²¥´´µ° ³ É·¨ÍÒ ¶µ¸²¥ ¥¥ ¤¥²¥´¨Ö ´  231 − 1
³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ± ± ¸²ÊÎ °´µ¥ Î¨¸²µ, · ¢´µ³¥·´µ · c¶·¥¤¥²¥´´µ¥
¢ ¨´É¥·¢ ²¥ (0, 1), É. ¥. Ë ±É¨Î¥¸±¨ ¶µ²ÊÎ ¥É¸Ö ¸²ÊÎ °´Ò° ¢¥±Éµ· ¸ N ±µ³¶µ-
´¥´É ³¨. ‘É É¨¸É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ¶µ ÔÉ¨³ ¤¢Ê³ ¶· ¢¨² ³ ¤¢ÊÌ
£¥´¥· Éµ·µ¢ ¸²ÊÎ °´ÒÌ ¢¥±Éµ·µ¢ (ƒ‘‚) ¸· ¢´¨¢ ²µ¸Ó ¶µ É ±¨³ É¥¸É ³, ± ±
¤²¨´  ¶¥·¨µ¤ , ´ ²¨Î¨¥ ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê ¸²ÊÎ °´Ò³¨ Î¨¸² ³¨ ¨ ¨Ì · ¸¶·¥-
¤¥²¥´¨¥ ¢ ¶·µ¸É· ´¸É¢ Ì · §³¥·´µ¸É¨ ¤µ 20. ƒ‘‚ ¶·µ¢¥·Ö²¨¸Ó É ±¦¥ ¨ ¤²Ö
· §´µ£µ Î¨¸²  ±µ³¶µ´¥´Éµ¢. Š Î¥¸É¢µ ³´µ£µ³¥·´ÒÌ · c¶·¥¤¥²¥´¨° ¶·µ¢¥·Ö-
²µ¸Ó ¶µ µ·¨£¨´ ²Ó´µ³Ê ³¥Éµ¤Ê ¢²µ¦¥´´ÒÌ £¨¸Éµ£· ³³ [109]. ‚ ·¥§Ê²ÓÉ É¥
¶·µ¢¥¤¥´´ÒÌ É¥¸Éµ¢ ¢ÒÖ¸´¨²µ¸Ó, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ¸ ¶µ³µÐÓÕ µ¡µ¨Ì ƒ‘‚ ¸²Ê-
Î °´Ò¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ´¥±µ··¥²¨·µ¢ ´Ò ¨ · ¢´µ³¥·´µ · ¸¶·¥¤¥²¥´Ò ¢
³´µ£µ³¥·´ÒÌ ¥¤¨´¨Î´ÒÌ ±Ê¡ Ì. ’¥¸É ´  ¤²¨´Ê ¶¥·¨µ¤  ¶µ± § ² ¶·¥¨³ÊÐ¥-
¸É¢µ ¢Éµ·µ£µ ¨§ £¥´¥· Éµ·µ¢ (ƒ‘‚2), ¨³¥ÕÐ¥£µ ¶¥·¨µ¤, § ¢¥¤µ³µ ¶·¥¢ÒÏ -
ÕÐ¨° 108 ¶·¨ N = 2, 4, 5, . . . , 10, 25, 50, 100. „µ¶µ²´¨É¥²Ó´µ ƒ‘‚2 ¶µ± § ²
¶µ²µ¦¨É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¶·¨ ¶·µ¢¥·±¥ ¶µ É¥¸É ³, ¶·¥¤²µ¦¥´´Ò³ ¢ ¨§¢¥¸É-
´µ° ±´¨£¥ „.Š´ÊÉ  [110]. 
 ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ° µ± § ² ¸Ó ¶·µ¢¥·±  ƒ‘‚2 ¢
§ ¤ Î¥ ¢ÒÎ¨¸²¥´¨Ö É¥¶²µ¥³±µ¸É¨ ¢ ÉµÎ±¥ ±·µ¸¸µ¢¥·  ¤²Ö SU3-± ²¨¡·µ¢µÎ´µ°
É¥µ·¨¨ ´  ·¥Ï¥É±¥, ¶µ± § ¢Ï Ö, ¢ Î ¸É´µ¸É¨, µÉ¸ÊÉ¸É¢¨¥ ±µ··¥²ÖÍ¨¨ ´  · ¸-
¸ÉµÖ´¨¨ ¶µ·Ö¤±  5000 [111].

2.2.3. “¶· ¢²Ö¥³Ò¥ ´¥°·µ´´Ò¥ ¸¥É¨. �¥Ï¥´¨¥ Ï¨·µ±µ£µ ±² ¸¸  ±µ³¡¨´ -
Éµ·´ÒÌ § ¤ Î, µ¡Ñ¥³ ¢ÒÎ¨¸²¥´¨° ±µÉµ·ÒÌ · ¸É¥É ± ± Ô±¸¶µ´¥´É  ¸ · §³¥·-
´µ¸ÉÓÕ § ¤ Î¨, ³µ¦´o ¢Ò¶µ²´ÖÉÓ ¢ · §Ê³´µ¥ ¢·¥³Ö ¸ ¶µ³µÐÓÕ µ¸µ¡µ£µ É¨¶ 
´¥°·µ´´ÒÌ ¸¥É¥°, ´ §¢ ´´ÒÌ ¢ · ¡µÉ¥ [87] Ê¶· ¢²Ö¥³Ò³¨ ˆ<‘. �¤´µ° ¨§
±² ¸¸¨Î¥¸±¨Ì ¶·µ¡²¥³ ±µ³¡¨´ Éµ·´µ° µ¶É¨³¨§ Í¨¨, µÉ´µ¸ÖÐ¥°¸Ö ± ±² ¸¸Ê
NP -¶·µ¡²¥³, É. ¥. § ¤ Î, ´¥ ·¥Ï ¥³ÒÌ §  Î¨c²µ Ï £µ¢, · ¸ÉÊÐ¥¥ ± ± ¶µ²¨´µ³
µÉ n, Ö¢²Ö¥É¸Ö, ´ ¶·¨³¥·, § ¤ Î  µ · ¸¸É ´µ¢±¥N Ë¥·§¥° ´  Ï x³ É´µ° ¤µ¸±¥
· §³¥·µ³ N × N É ±, ÎÉµ¡Ò µ´¨ ´¥ ¡¨²¨ ¤·Ê£ ¤·Ê£ . �·µ£· ³³Ò, µ¸´µ¢ ´-
´Ò¥ ´  µ¡ÒÎ´ÒÌ ±µ³¡¨´ Éµ·´ÒÌ ³¥Éµ¤ Ì, Ê¦¥ ¶·¨ N ≥ 97 ´¥ ³µ£ÊÉ ·¥Ï¨ÉÓ
ÔÉÊ § ¤ ÎÊ §  ¸±µ²Ó±µ-´¨¡Ê¤Ó ·¥ ²Ó´µ¥ ¢·¥³Ö, ¢ Éµ ¢·¥³Ö ± ± Ê¶· ¢²Ö¥³ Ö
ˆ
‘, ¶µ¸É·µ¥´´ Ö ´  ¡ §¥ ¸¥É¨ •µ¶Ë¨²¤ , ¶µ§¢µ²¨²  ·¥Ï¨ÉÓ ÔÉÊ § ¤ ÎÊ ¤²Ö
N = 1024 §  10 ³¨´ÊÉ ´  ±µ³¶ÓÕÉ¥·¥ 90-Ì £µ¤µ¢.

ˆ¤¥Ö Ê¶· ¢²Ö¥³µ° ˆ
‘ (“ˆ
‘) § ±²ÕÎ ¥É¸Ö ¢µ ¢¢¥¤¥´¨¨ ¢ ¸¥ÉÓ ¤µ-
¶µ²´¨É¥²Ó´ÒÌ ´¥°·µ´µ¢, ´ §Ò¢ ¥³ÒÌ ®±µ´É·µ²¥· ³¨¯, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö
Ê¶· ¢²¥´¨Ö Ô¢µ²ÕÍ¨¥° µ¶·¥¤¥²¥´´ÒÌ £·Ê¶¶ ´¥°·µ´µ¢ ¸ Í¥²ÓÕ ¶·¥¤µÉ¢· É¨ÉÓ
®§ ¸É·¥¢ ´¨Ö¯ Ô´¥·£¥É¨Î¥¸±µ° ËÊ´±Í¨¨ ¸¥É¨ ¢ ²µ± ²Ó´µ³ ³¨´¨³Ê³¥. ‚Ò¡µ·
£·Ê¶¶ Ê¶· ¢²Ö¥³ÒÌ ´¥°·µ´µ¢ § ¢¨¸¨É µÉ ¸¶¥Í¨Ë¨±¨ § ¤ Î¨, ¢ Î ¸É´µ¸É¨, ¢
§ ¤ Î¥ · ¸¸É ´µ¢±¨ Ë¥·§¥° ¢ ± Î¥¸É¢¥ £·Ê¶¶Ò ¢Ò¡¨· ¥É¸Ö µ¤´  ¨§ ¸Éµ·µ´
Ï Ì³ É´µ° ¤µ¸±¨.

‚ ”‚� § ¤ Î  ¸Ï¨¢±¨ É·¥±µ¢, · ¸¶µ§´ ´´ÒÌ ´  · §´ÒÌ ¶·µ¥±Í¨ÖÌ (track-
match) Ö¢²Ö¥É¸Ö ¨³¥´´µ É ±µ° ±µ³¡¨´ Éµ·´µ° NP -¶·µ¡²¥³µ°. ‚ É¥·³¨´µ²µ-
£¨¨ É¥µ·¨¨ £· Ëµ¢ § ¤ Î  ¸Ï¨¢±¨ É·¥±µ¢ ¸¢µ¤¨É¸Ö ± ¶µ¸É·µ¥´¨Õ ³ É·¨ÍÒ
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’ ¡²¨Í  2. ‚·¥³Ö ·¥Ï¥´¨Ö § ¤ Î¨ ¸Ï¨¢±¨ É·¥±µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¨Ì Î¨¸² 

N 30 15 13

“ˆ
‘ 105,32 ¸ 0,26 ¸ 0,13 ¸

C�� 7,5 Î 23,78 ¸ 0,135 ¸

¨´Í¨¤¥´É´µ¸É¨ c ¢Ò¡µ·µ³ ´¥´Ê²¥¢µ£µ Ô²¥³¥´É  ´  ± ¦¤µ° ¥¥ ¸É·µ±¥ É ±,
ÎÉµ¡Ò ¢¸¥ ÔÉ¨ Ô²¥³¥´ÉÒ ²¥¦ ²¨ ¢ · §´ÒÌ ¸Éµ²¡Í Ì. 
  Ï Ì³ É´µ³ Ö§Ò±¥ ÔÉ 
§ ¤ Î  µ§´ Î ¥É, ÎÉµ ³Ò ¤µ²¦´Ò ´  Ï Ì³ É´µ° ¤µ¸±¥ · §³¥·µ³ N ×N ¶µ¸É -
¢¨ÉÓ ¡µ²¥¥ Î¥³ N ² ¤¥°, ´¥ µ¸É ¢¨¢ ´¨ µ¤´µ° ¶Ê¸Éµ° ¸É·µ±¨,   ¶µÉµ³ ¸´ÖÉÓ
®²¨Ï´¨¥¯ ² ¤Ó¨ É ±, ÎÉµ¡Ò ´  ± ¦¤µ° ¸É·µ±¥ µ¸É ¢ ²µ¸Ó ·µ¢´µ ¶µ µ¤´µ°
² ¤Ó¥ ¨ ´¨ µ¤´  ´¥ ¶µ¶ ¤ ²  ¶µ¤ Ê¤ · ¤·Ê£µ°. �¶¨¸ ´¨¥ ¤¥É ²¥° ±µ´Ë¨£Ê-
· Í¨¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° “ˆ
‘ ¨ µ¶·¥¤¥²¥´¨Ö ¢¥¸µ¢µ° ³ É·¨ÍÒ, µ¡¥¸¶¥Î¨-
¢ ÕÐ¥° ËÊ´±Í¨µ´¨·µ¢ ´¨¥ ´¥°·µ´µ¢-±µ´É·µ²¥·µ¢, Î¥·¥cÎÊ· £·µ³µ§¤±¨ ¤²Ö
¨§²µ¦¥´¨Ö ¢ · ³± Ì ¤ ´´µ° ¸É ÉÓ¨. ˆÌ ³µ¦´µ ´ °É¨ ¢ [87]. ŒÒ ¶·¨¢¥¤¥³
§¤¥¸Ó ·¥§Ê²ÓÉ É ¸· ¢´¨É¥²Ó´µ£µ ¶·µ£µ´  ¶·µ£· ³³Ò, ·¥ ²¨§ÊÕÐ¥° “ˆ
‘, ¨
¶·µ£· ³³Ò, µ¸´µ¢ ´´µ° ´  ¡Ò¸É·µ³ ¸É ´¤ ·´µ³  ²£µ·¨É³¥ ¶¥·¥¡µ·  (‘��)
(¸³. É ¡². 2). ‚ÒÎ¨¸²¥´¨Ö ¢¥²¨¸Ó ´  VAX-8350.

Š ± ¢¨¤´µ, ´ Î¨´ Ö ¸ N ≥ 30, “ˆ
‘ ¶·µ¤µ²¦ ¥É ¶µ± §Ò¢ ÉÓ · §Ê³´µ¥
¢·¥³Ö, Éµ£¤  ± ± ¶·¨³¥´¥´¨¥ ¸É ´¤ ·É´µ£µ  ²£µ·¨É³  ¸É ´µ¢¨É¸Ö ´¥Í¥²¥¸µ-
µ¡· §´Ò³.

�²£µ·¨É³ “ˆ
‘ ³µ¦¥É ¡ÒÉÓ  ¤ ¶É¨·µ¢ ´ ¤²Ö ·¥Ï¥´¨Ö ¨ ¤·Ê£¨Ì § ¤ Î,
´ ¶·¨³¥·, ¸µ¸É ¢²¥´¨Ö · ¸¶¨¸ ´¨° ¡µ²ÓÏ¨Ì · §³¥·´µcÉ¥°.

3. Œ…’	„ 3‹�‘’ˆ—�›• �…‰�	��›• ‘…’…‰
ˆ‹ˆ ƒˆ
Šˆ• ˜�
‹	�	‚

Š ± µÉ³¥Î ²µ¸Ó ¢µ ¢¢¥¤¥´¨¨, Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ”‚� Ì · ±É¥·¨§Ê¥É  ±-
É¨¢´Ò° ·µ¸É Ô´¥·£¨° ¶ÊÎ±µ¢ Î ¸É¨Í ¨ § £·Ê§±¨ ¤¥É¥±Éµ·µ¢, ¢¥¤ÊÐ¨° ± ¢µ§-
· ¸É ´¨Õ ³´µ¦¥¸É¢¥´´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨° ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ´µ¢ÒÌ É·¥¡µ-
¢ ´¨° ± ³¥Éµ¤ ³ · ¸¶µ§´ ¢ ´¨Ö ¸µ¡ÒÉ¨°. �Éµ µ¸µ¡¥´´µ ¢¥·´µ ¤²Ö Ô±¸¶¥·¨-
³¥´Éµ¢ ¸ Ê²ÓÉ· ·¥²ÖÉ¨¢¨cÉ¸±¨³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢, É ±¨Ì,
´ ¶·¨³¥·, ± ± ´  Ê¸±µ·¨É¥²¥ RHIC ¢ BNL, £¤¥ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¢§ ¨³µ¤¥°-
¸É¢¨° Ê¦¥ ¤µ¸É¨£ ¥É §´ Î¥´¨° ¢ ÉÒ¸ÖÎ¨ É·¥±µ¢,   ´  ´µ¢µ³ ±µ²² °¤¥·¥ LHC
¢ CERN µ¦¨¤ ÕÉ¸Ö ³´µ¦¥¸É¢¥´´µ¸É¨ ¢ ¤¥¸ÖÉ±¨ ÉÒ¸ÖÎ É·¥±µ¢. fµ²¥¥ Éµ£µ,
É·¥¡µ¢ ´¨Ö ± ÉµÎ´µ¸É¨ µ¶·¥¤¥²¥´¨Ö ¢¥·Ï¨´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ µ¡´ ·Ê¦¥´¨Ö
±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í ¢Ò´Ê¦¤ ÕÉ Ë¨§¨±µ¢ · §³¥Ð ÉÓ ¤¥É¥±Éµ·Ò ¢ ´¥¸±µ²Ó-
±¨Ì ¸ ´É¨³¥É· Ì µÉ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨°, £¤¥ ¢Ò¸µÎ °Ï Ö § -
£·Ê§±  ¨ ¶²µÉ´µ¸ÉÓ µÉ¸Î¥Éµ¢ ¤ ¦¥ ¶·¨ ¶·¥¤¥²Ó´µ ÉµÎ´ÒÌ ¢Ò¸µ±µ£· ´Ê²Ö·´ÒÌ
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¤¥É¥±Éµ· Ì ¤¥² ÕÉ ´¥¢µ§³µ¦´Ò³ ¶·¨³¥´¥´¨¥ É· ¤¨Í¨µ´´ÒÌ ³¥Éµ¤µ¢ ¶·µ¸²¥-
¦¨¢ ´¨Ö É·¥±µ¢ ¨²¨ ´ ¢¥¤¥´¨Ö ¶µ ¤µ·µ¦±¥. …Ð¥ ¢ 1991 £. „¦¨² ¸¸¨ ¨ • ·² ´-
¤¥· („•), µ§ ¡µÎ¥´´Ò¥ ´ ¸ÉÊ¶²¥´¨¥³ ¶µ¤µ¡´ÒÌ ¶·µ¡²¥³, ¶·µ¢¥²¨ ¨§¢¥¸É´µ¥
¸· ¢´¨É¥²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ É·¥Ì ³¥Éµ¤µ¢ É·¥±¨´£ : ±² ¸¸¨Î¥¸±µ£µ Å ´ ¢¥¤¥-
´¨Ö ¢ ¤µ·µ¦±¥ (RF Å road ˇnder), ´µ¢µ£µ Éµ£¤  ¥Ð¥ ³¥Éµ¤  ´¥°·µ´´ÒÌ ¸¥É¥°
(NN Å neural networks) ¨ ¶·¥¤²µ¦¥´´µ£µ ¨³¨ Ô² ¸É¨Î´µ£µ É·¥±¨´£  (ET) [92].
Š·¨É¥·¨¥³ ¤²Ö ¸· ¢´¥´¨Ö ¶µ ¶²µÉ´µ¸É¨ § £·Ê§±¨ µ´¨ ¶·¥¤²µ¦¨²¨ É·¥±µ¢ÊÕ
¶²µÉ´µ¸ÉÓ ρtrack, µ¶·¥¤¥²¥´´ÊÕ ± ± ¸·¥¤´¥¥ µÉ´µÏ¥´¨¥ · ¸¸ÉµÖ´¨° ³¥¦¤Ê
ÉµÎ± ³¨, ¨§³¥·¥´´Ò³¨ ¢¤µ²Ó Ép¥± , ¨ ÉµÎ± ³¨, ¶·¨´ ¤²¥¦ Ð¨³¨ · §´Ò³ É·¥-
± ³ ¨²¨ ÏÊ³µ¢Ò³ ÉµÎ± ³. ‚ ¨Ì · ¡µÉ¥ [92] ¶·¨¢¥¤¥´Ò Ê¡¥¤¨É¥²Ó´Ò¥ ¤ ´´Ò¥,
¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨¥ µ Éµ³, ÎÉµ ¥¸²¨ ¤²Ö ρtrack ≤ 1 RF- ¨ NN-³¥Éµ¤Ò É·¥-
±¨´£  ¤ ÕÉ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ, Éµ Ê¦¥ ¶·¨ 1 ≤ ρtrack ≤ 4
RF-³¥Éµ¤ ¶¥·¥¸É ¥É ´ ¤¥¦´µ · ¡µÉ ÉÓ ¨ Éµ²Ó±µ NN-³¥Éµ¤ ¢Ò¤¥·¦¨¢ ¥É ±µ´-
±Ê·¥´Í¨Õ ¸ …’-É·¥±¨´£µ³. �·¨ ρtrack ≥ 5 ¨ ´¥°·µ¸¥É¥¢Ò¥ ³¥Éµ¤Ò ¡Ò¸É·µ
¶¥·¥¸É ÕÉ ¡ÒÉÓ ÔËË¥±É¨¢´Ò³¨, É ± ÎÉµ Éµ²Ó±µ ³¥Éµ¤ …’ ³µ¦¥É ¸¶· ¢¨ÉÓ¸Ö ¸
§ ¤ Î¥° É·¥±¨´£  ¢ Ê¸²µ¢¨ÖÌ ¸Éµ²Ó ¢Ò¸µ±¨Ì § £·Ê§µ± ¨ § ÏÊ³²¥´´µ¸É¨ ¢¶²µÉÓ
¤µ ρtrack ∼ 10, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É § £·Ê§± ³, µ¦¨¤ ÕÐ¨³¸Ö ´  LHC.

�·¥¦¤¥ Î¥³ µ¡ÑÖ¸´¨ÉÓ, ÎÉµ ¦¥ É ±µ¥ ³¥Éµ¤ Ô² ¸É¨Î´µ£µ É·¥±¨´£ , ¸²¥-
¤Ê¥É ¢c¶µ³´¨ÉÓ, ÎÉµ É¥·³¨´ ®Ô² ¸É¨Î´Ò¥ ´¥°·µ´´Ò¥ ¸¥É¨¯ ¡Ò² · ´¥¥ ¢¢¥¤¥´
„Ê·¡¨´o³ ¨ ‚¨²ÏµÊ („‚) [93] ¶·¨ ·¥Ï¥´¨¨ ¨§¢¥¸É´µ° ®§ ¤ Î¨ ±µ³³¨¢µÖ¦¥-
· ¯, ±µÉµ·Ò° ¤µ²¦¥´ µ¡Ñ¥Ì ÉÓ n £µ·µ¤µ¢ ±· ÉÎ °Ï¨³ ¶ÊÉ¥³, ´¥ § ¥§¦ Ö ´¨
¢ µ¤¨´ ¨§ ´¨Ì ¤¢ ¦¤Ò. „Ê·¡¨´ ¨ ‚¨²ÏµÊ ´ Î ²¨ ¸ Éµ£µ, ÎÉµ ¢ Í¥´É· ¶²µc-
±µ¸É¨ ¸ · §³¥Ð¥´´Ò³¨ ´  ´¥° £µ·µ¤ ³¨ ¶µ³¥¸É¨²¨ ³ ²¥´Ó±¨° Ô² ¸É¨Î´Ò°
§ ³±´ÊÉÒ° ±µ´ÉÊ· (µ±·Ê¦´µ¸ÉÓ) ¸ n ´¥°·µ´ ³¨ ´  ´¥³ ¨ § ¸É ¢¨²¨ § É¥³ ÔÉµÉ
±µ´ÉÊ· · ¸ÉÖ£¨¢ ÉÓ¸Ö ¶ÊÉ¥³ ¶·¨²µ¦¥´¨Ö ± ± ¦¤µ³Ê ¨§ ´¥°·µ´µ¢ ¤¢ÊÌ É¨¶µ¢
¸¨²: µ¤´  ¤¢¨£ ¥É ¥£µ ± ¡²¨¦ °Ï¥³Ê ¨§ £µ·µ¤µ¢, ¤·Ê£ Ö µÉÉ ²±¨¢ ¥É ¥£µ µÉ
¸µ¸¥¤¥° ´  ±µ´ÉÊ·¥.

�É¨ ¸¨²Ò § ¸É ¢²ÖÕÉ ±µ´ÉÊ· ¶µ¸É¥¶¥´´µ · ¸ÉÖ£¨¢ ÉÓ¸Ö ¢ Ìµ¤¥ ¨É¥· É¨¢-
´ÒÌ ¶¥·¥¢ÒÎ¨¸²¥´¨° ¶µ§¨Í¨° ´¥°·µ´µ¢, ¶µ±  ¢¸Ö ÔÉ  Ô² ¸É¨Î´ Ö ¸¥ÉÓ ´¥
Ê¸É ´µ¢¨É¸Ö, µ¡· §ÊÖ µ¶É¨³ ²Ó´Ò° µ¡Ìµ¤.

�µ¤Ìµ¤ „‚ ¡Ò² Ê¤ Î´µ µ¡µ¡Ð¥´  ¢Éµ· ³¨ [94, 106, 107] ¶·¨ µ¡· ¡µÉ±¥
¤ ´´ÒÌ ¸ ¤·¥°Ëµ¢ÒÌ ± ³¥· Ê¸É ´µ¢±¨ NEMO ¸ ¨Ì ¶· ¢µ-²¥¢µ-´¥µ¶·¥¤¥²¥´-
´µ¸ÉÓÕ ¨ ´ ²¨Î¨¥³ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö, ¢¥¤ÊÐ¥£µ ± ¨§²µ³ ³ É·¥±µ¢.
Š ± Ê± §Ò¢ ²µ¸Ó ¢ ¶. 1.3.3, ¶·¨ ¶·µ¢µ¤±¥ É·¥±µ¢ ¢ ¤·¥°Ëµ¢ÒÌ ± ³¥· Ì ¸²¥¤Ê¥É
¶µ³´¨ÉÓ, ÎÉµ É·¥±¨ ¤µ²¦´Ò ± ¸ ÉÓ¸Ö ³ ²¥´Ó±¨Ì µ±·Ê¦´µ¸É¥°, µ¡· §µ¢ ´´ÒÌ
· ¤¨Ê¸ ³¨ ¤·¥°Ë . ‘Î¨É Ö µ¡¥ ¢µ§³µ¦´Ò¥ ÉµÎ±¨ ± ¸ ´¨Ö ¢ÒÎ¨¸²¥´´Ò³¨ ¶µ
±µµ·¤¨´ É ³ Í¥´É· ²Ó´ÒÌ ¶·µ¢µ²µ± ¨ ¨§¢¥¸É´Ò³ · ¤¨Ê¸ ³ ¤·¥°Ë ,  ¢Éµ·Ò
· ¡µÉÒ [94] ¢§Ö²¨ ÔÉ¨ ÉµÎ±¨ ¢ ± Î¥¸É¢¥ £µ·µ¤µ¢ ¢ ¸Ì¥³¥ „‚,   ¤²Ö Ê¸É· ´¥´¨Ö
¶· ¢µ-²¥¢µ-´¥µ¶·¥¤¥²¥´´µ¸É¨ ¤µ¡ ¢¨²¨ ¥Ð¥ É·¥ÉÓÕ ¸¨²Ê: ¶·¨ÉÖ¦¥´¨¥ ³¥¦¤Ê
ÔÉ¨³¨ ÉµÎ± ³¨, ¢Ò¤ ¢²¨¢ ÕÐ¥¥ £¥µ³¥É·¨Î¥¸±ÊÕ µ¡² ¸ÉÓ ¢´ÊÉ·¨ ±µ´ÉÊ·  É ±,
ÎÉµ¡Ò ¸ÉÖ´ÊÉÓ ¥£µ ¢ ·¥ ²Ó´Ò° É·¥± (¸³. ·¨¸. 23, ¢§ÖÉÒ° ¨§ [94]).
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�¨¸. 23. �·¨³¥· Ô¢µ²ÕÍ¨¨ Ô² ¸É¨Î´µ° ´¥°·µ¸¥É¨: ´ Î ²µ (a) ¨ µ±µ´Î ´¨¥ (¡) Ô¢µ-
²ÕÍ¨¨

�·¥¤² £ Ö ³¥Éµ¤ Ô² ¸É¨Î´µ£µ É·¥±¨´£ , „¦¨² ¸¸¨ ¨ • ·² ´¤¥· ¨¸Ìµ¤¨²¨
¨§ ¤·Ê£µ° ¨¤¥¨, ´¥ ¸¢Ö§ ´´µ° ¸ ˆ
‘ (ÌµÉÖ ¢ [92] µ´¨ ¶µ± § ²¨, ÎÉµ ³µ¦´µ
É· ±Éµ¢ ÉÓ …’-³¥Éµ¤ ± ± µ¤¨´ ¨§ ¢ ·¨ ´Éµ¢ ˆ
‘ •µ¶Ë¨²¤a). „¦¨² ¸¸¨ ¨
• ·² ´¤¥· ¨¸Ìµ¤¨²¨ ¨§ ¨¤¥¨ £¨¡±µ£µ Ï ¡²µ´ , É. ¥. Ê· ¢´¥´¨Ö É·¥± , § ¢¨-
¸ÖÐ¥£µ µÉ ¢ ·¨ Í¨° ¶ · ³¥É·µ¢ É ±¨³ µ¡· §µ³, ÎÉµ¡Ò, ¨§£¨¡ Ö¸Ó ¶·¨ ¨Ì
¨§³¥´¥´¨¨, ±·¨¢ Ö, µ¶¨¸Ò¢ ¥³ Ö ÔÉ¨³ Ê· ¢´¥´¨¥³ (¥¥ ¥Ð¥ ´ §Ò¢ ÕÉ ¤¥Ëµ·-
³¨·Ê¥³Ò³ Ï ¡²µ´µ³, Ô² ¸É¨Î´µ° ·Ê±µ° ¨ É. ¤.), ¶·µÏ²  ± ± ³µ¦´µ ¡²¨¦¥ ±
ÉµÎ± ³, ¨§³¥·¥´´Ò³ ´  É·¥±¥. �ÉµÉ ¶µ¤Ìµ¤ ³µ¦´µ ¸ Ë¨§¨Î¥¸±µ° ÉµÎ±¨ §·¥-
´¨Ö µ¶¨¸ ÉÓ ± ± ¢§ ¨³µ¤¥°¸É¢¨¥ ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´µ£µ Ï ¡²µ´  ¨ µÉ-
·¨Í É¥²Ó´µ § ·Ö¦¥´´ÒÌ ¶·µ¸É· ´¸É¢¥´´ÒÌ ÉµÎ¥±, ¨§³¥·¥´´ÒÌ ´  É·¥±¥. —¥³
²ÊÎÏ¥ £¨¡±¨° Ï ¡²µ´ ¶·µ°¤¥É ¶µ ÉµÎ± ³, É¥³ ³¥´ÓÏ¥ ¡Ê¤¥É Ô´¥·£¨Ö ¨Ì ¢§ ¨-
³µ¤¥°¸É¢¨Ö. �Ê¸ÉÓ § ·Ö¤ ¤²Ö Ï ¡²µ´  É·¥±  · ¸¶·¥¤¥²¥´ ¸ ¶²µÉ´µ¸ÉÓÕ ρT (r),
  § ·Ö¤ ³´µ¦¥¸É¢  ¨§³¥·¥´´ÒÌ ÉµÎ¥± ¨³¥¥É ¶²µÉ´µ¸ÉÓ ρ(r′). ‚ÒÎ¨¸²ÖÖ Ô´¥·-
£¨Õ ¢§ ¨³µ¤¥°¸É¢¨Ö E ³¥¦¤Ê ¤¢Ê³Ö ÔÉ¨³¨ § ·Ö¤ ³¨, ¶µ²ÊÎ ¥³

E = −
∫

dr′drρT (r)V (r − r′)ρ(r′) −→ min, (56)

£¤¥ V Å ¶µÉ¥´Í¨ ², § ¢¨¸ÖÐ¨° µÉ · ¸¸ÉµÖ´¨Ö ¨§³¥·¥´´ÒÌ ÉµÎ¥± ¤µ Ï ¡²µ´ .
„¦¨² ¸¸¨ ¨ • ·² ´¤¥· ¢Ò¡· ²¨ ¶µÉ¥´Í¨ ² ‹µ·¥´Ía

V (x, t) =
w2(t)

x2 + w2(t)
(57)

¸ Ï¨·¨´µ°, § ¢¨¸ÖÐ¥° µÉ ¢·¥³¥´¨:

w(t) = b+ (a− b) e−t/T , (58)

£¤¥ T Å ¢·¥³¥´´ Ö ±µ´¸É ´É ; a Å ³ ±¸¨³ ²Ó´µ¥ · ¸¸ÉµÖ´¨¥, ´  ±µÉµ·µ³
ÉµÎ±¨ ¥Ð¥ ¶·¨¶¨¸Ò¢ ÕÉ¸Ö ± ¤ ´´µ³Ê Ï ¡²µ´Ê; b ≈ σres Å ÉµÎ´µ¸ÉÓ ¶·µ-
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¸É· ´¸É¢¥´´µ£µ · §·¥Ï¥´¨Ö ¤¥É¥±Éµ· . �Î¥¢¨¤´µ, ÎÉµ b � a. “Î¨ÉÒ¢ Ö ¤¨¸-
±·¥É´µ¸ÉÓ ¨§³¥·¥´¨°, ¶µ²ÊÎ ¥³ ¢³¥¸Éµ ¨´É¥£· ²  ¢ (56) ¸Ê³³Ê

E(π, t) = − 1
N

N∑
i

w2(t)
(xi − r(π,x))2 + w2(t)

. (59)

‡¤¥¸Ó N Å Î¨¸²µ ÉµÎ¥± ´  É·¥±¥; xi ¨ r Å i-Ö ÉµÎ± , ¨§³¥·¥´´ Ö ¢ ¶·µ-
¸É· ´¸É¢¥, ¨ ¥¥ · ¸¸ÉµÖ´¨¥ ¤µ Ï ¡²µ´ ; π Å ´ ¡µ· ¶ · ³¥É·µ¢ É·¥± . …¸²¨
· ¸¸³ É·¨¢ ÉÓ ¤¥É¥±Éµ· ¢ µ¤´µ·µ¤´µ³ ³ £´¨É´µ³ ¶µ²¥, Éµ Ê· ¢´¥´¨¥³ É·¥± 
¡Ê¤¥É ¢¨´Éµ¢ Ö ±·¨¢ Ö (£¥²¨±µ¨¤ ) ¸µ ¸²¥¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨ ¢ ÉµÎ±¥ xi:
±·¨¢¨§´  κ, Ê£µ² ¶µ£·Ê¦¥´¨Ö λ ¨ Ë §  Φ, É. ¥. π = {κ, λ,Φ,x0}.

”Ê´±Í¨µ´ ² ¢ (59) § ¢¨¸¨É µÉ ÉµÎ¥± Éµ²Ó±µ µ¤´µ£µ É·¥± , ÌµÉÖ ¢ ¶·¨´-
Í¨¶¥ ³µ¦´µ µ¸ÊÐ¥¸É¢²ÖÉÓ µ¤´µ¢·¥³¥´´ÊÕ ¶µ¤£µ´±Ê ¸· §Ê ¢¸¥Ì É·¥±µ¢. ’¥³
´¥ ³¥´¥¥ „• ÔÉµ£µ ´¥ ·¥±µ³¥´¤ÊÕÉ. 
 ²¨Î¨¥ § ¢¨¸¨³µ¸É¨ ¶µÉ¥´Í¨ ²  µÉ
¢·¥³¥´¨ ¶µ§¢µ²Ö¥É ¶·¨³¥´ÖÉÓ É¥Ì´¨±Ê ¨³¨É¨·µ¢ ´´µ£µ µÉ¦¨£  (¸³. ¢ÒÏ¥ ¢
· §¤. 1.1): ¢´ Î ²¥, ±µ£¤  ¶ · ³¥É·Ò ¨§¢¥¸É´Ò Éµ²Ó±µ ¢ £·Ê¡µ³ ¶·¨¡²¨¦¥´¨¨,
¡¥·¥É¸Ö ¶µÉ¥´Í¨ ² ´ ¸Éµ²Ó±µ Ï¨·µ±¨³, ÎÉµ¡Ò ´ ¢¥·´Ö±  § Ì¢ ÉÒ¢ ÉÓ ¢¸¥ ¨§-
³¥·¥´´Ò¥ ÉµÎ±¨, ¸ É¥³ ÎÉµ¡Ò ¶µÉµ³ ¶µ ³¥·¥ ÊÉµÎ´¥´¨Ö ¶ · ³¥É·µ¢ ¸Ê¦ ÉÓ
¶µÉ¥´Í¨ ².

…’-³¥Éµ¤ ¢ É ±µ° ¶µ¸É ´µ¢±¥ ¡Ò² Ê¸¶¥Ï´µ ¶·¨³¥´¥´ ¢ [95] ¤²Ö · ¸¶µ§´ -
¢ ´¨Ö É·¥±µ¢ ¶µ ¤ ´´Ò³ ¢·¥³Ö¶·o¥±Í¨µ´´µ° ± ³¥·Ò Ê¸É ´µ¢±¨ STAR ¢ Ê¸²µ-
¢¨ÖÌ, ¶·¥¤¥²Ó´ÒÌ ¶µ § £·Ê§±¥: ¤µ 5 ÉÒ¸. É·¥±µ¢ ´  ¸µ¡ÒÉ¨¥ (ρtrack ≥ 7). Œ¨-
´¨³¨§ Í¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ ËÊ´±Í¨µ´ ²  (59) ¶µ ¶ · ³¥É· ³ π = {κ, λ,Φ,x0}
¢¥² ¸Ó ³¥Éµ¤µ³ ´ ¨¸±µ·¥°Ï¥£µ ¸¶Ê¸± :

∆πi(t) = −η�π E(π, t) + α∆πi(t− 1) (60)

¸ ·¥£Ê²ÖÉµ·µ³ Ï £µ¢ ¶µ ¶ · ³¥É· ³ η ¨ ¨´¥·Í¨µ´´Ò³ Î²¥´µ³ ¤²Ö ¶µ¤ ¢²¥´¨Ö
Ë²Ê±ÉÊ Í¨° ¶·¨ ¶µ¤Ìµ¤¥ ± ³¨´¨³Ê³Ê.

‚¥¸Ó³  µÉ¢¥É¸É¢¥´´ Ö Î ¸ÉÓ …’-³¥Éµ¤  Å ÔÉµ ¢Ò¡µ· ´ Î ²Ó´µ£µ ¶·¨¡²¨-
¦¥´¨Ö. ‚ [95] ¤²Ö ÔÉµ£µ ¶·¨³¥´¥´ ¢ ·¨ ´É ²µ± ²Ó´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö • Ë 
(¸³. ¶. 1.3.3). •µÉÖ ¢Ò¡µ· É·¥Ì ¶·µ¸É· ´¸É¢¥´´ÒÌ ÉµÎ¥± ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ
¶ · ³¥É·Ò £¥²¨±µ¨¤Ò, ¶µ²ÊÎ ¥³µ° ¶·¨ ÔÉµ³ ÉµÎ´µ¸É¨ ¢ ¨§³¥·¥´¨¨ ±·¨¢¨§´Ò
κ µ± § ²µ¸Ó ´¥¤µ¸É ÉµÎ´µ ¤²Ö µ¶·¥¤¥²¥´¨Ö ´ ¤¥¦´µ ¶·µ¤µ²¦ ¥³µ£µ Ï ¡²µ´ 
¢ ¤ ´´ÒÌ ÉÖ¦¥²ÒÌ Ê¸²µ¢¨ÖÌ ¶µ É·¥±µ¢µ° ¶²µÉ´µ¸É¨. ˆ¸¸²¥¤µ¢ ´¨¥, ¶·µ¢¥¤¥´-
´µ¥ ¤²Ö ¢ÒÖ¸´¥´¨Ö, ¸±µ²Ó±µ ¨³¥´´µ ÉµÎ¥± ¢ ´ Î ²Ó´µ³ Ï ¡²µ´¥ ´¥µ¡Ìµ¤¨³µ
¤²Ö µ¡¥¸¶¥Î¥´¨Ö É ±µ° ¶·µ¤µ²¦ ¥³µ¸É¨, ¶µ± § ²µ, ÎÉµ É·¥¡Ê¥É¸Ö ´ · ¸É¨ÉÓ
´ Î ²Ó´Ò° É·¨¶²¥É ¥Ð¥ ´  É·¨ ÉµÎ±¨ ¢ ¸³¥¦´ÒÌ ±µµ·¤¨´ É´ÒÌ ¶²µ¸±µ¸ÉÖÌ.


 ¨¡µ²¥¥ ¢·¥³Ö¥³±µ° Î ¸ÉÓÕ ¶·µ£· ³³Ò C++, ·¥ ²¨§ÊÕÐ¥° …’-³¥Éµ¤
¤²Ö ¶·¨³¥´¥´¨Ö ¢ ·¥ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ, µ± § ² ¸Ó ¶·µ¡²¥³  ¡Ò¸É·ÒÌ ³ ´¨¶Ê-
²ÖÍ¨° ¸ ¸Ò·Ò³¨ ¤ ´´Ò³¨ ¡¥§ § ³¥¤²ÖÕÐ¨Ì ¶·µÍ¥¤Ê· ¶·¥¤¢ ·¨É¥²Ó´µ° µ¡· -
¡µÉ±¨. „²Ö ÔÉµ£µ ¡Ò²¨ · §¢¨ÉÒ ¸¶¥Í¨ ²Ó´Ò¥ ¶·µ£· ³³´Ò¥ ¸·¥¤¸É¢  É¨¶  Pixel
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�¨¸. 24. �ËË¥±É¨¢´µ¸ÉÓ (a) ¨ § ¸µ·¥´¨¥ C ²µ¦´Ò³¨ É·¥± ³¨ (¡) ¢ § ¢¨¸¨³µ¸É¨ µÉ
³´µ¦¥¸É¢¥´´µ¸É¨ ¸µ¡ÒÉ¨° ¤²Ö …’-³¥Éµ¤  ¢ ¶·¨³¥´¥´¨¨ ± ¤ ´´Ò³ TPC STAR

Container [95]. ‚ ¨Éµ£¥ Ê¤ ²µ¸Ó ¤µ¡¨ÉÓ¸Ö É·¥¡Ê¥³µ° ÔËË¥±É¨¢´µ¸É¨ · ¸¶µ§´ -
¢ ´¨Ö É·¥±µ¢ (¸³. ·¨¸. 24) ¶·¨ § ¤ ´´µ° ÉµÎ´µ¸É¨ µ¶·¥¤¥²¥´¨Ö ¨Ì ¶ · ³¥É·µ¢,
ÌµÉÖ µ¡Ð¨¥ ¢·¥³¥´´Ò¥ § É· ÉÒ ´  · ¸¶µ§´ ¢ ´¨¥ ¨ µ¶·¥¤¥²¥´¨¥ ¶ · ³¥É·µ¢
µ± § ²¨¸Ó ¤µ¢µ²Ó´µ ¡µ²ÓÏ¨³¨ (∼ 10 ³¨´/¸µ¡ÒÉ¨¥ ¸ 2 ÉÒ¸. É·¥±µ¢ ´  HP
K200/RISC PA-8000 ¶·¨ ¤ ²Ó´¥°Ï¥³ ±¢ ¤· É¨Î´µ³ ·µ¸É¥ ¢ § ¢¨¸¨³µ¸É¨ µÉ
³´µ¦¥¸É¢¥´´µ¸É¨).

…Ð¥ µ¤¨´ ¶µ¤µ¡´Ò° ¶µ¤Ìµ¤, ´ §¢ ´´Ò° ³¥Éµ¤µ³ £¨¡±¨Ì Ï ¡²µ´µ¢ (¨²¨
¤¥Ëµ·³¨·Ê¥³ÒÌ µ¡· §Íµ¢ Å deformable templates) ¡Ò² ¶·¥¤²µ¦¥´ Ë¨§¨± ³¨
‹Ê´¤¸±µ£µ Ê´¨¢¥·¸¨É¥É  �²¸¸µ´µ³ ¨ �¥É¥·¸µ´µ³ (��). ‚ µÉ²¨Î¨¥ µÉ ËÊ´±-
Í¨µ´ ²  (59) ¢ „•-¶µ¤Ìµ¤¥, µ´¨ ¶·¥¤²µ¦¨²¨ £²µ¡ ²¨§µ¢ ÉÓ § ¤ ÎÊ, ¨¸¶µ²Ó§ÊÖ
Ô´¥·£¥É¨Î¥¸±ÊÕ ËÊ´±Í¨Õ, ÊÎ¨ÉÒ¢ ÕÐÊÕ ¢²¨Ö´¨¥ ¢¸¥Ì M É·¥±µ¢ ¸µ¡ÒÉ¨Ö:

E(Sia, π) =
N∑
i

M∑
a

SiaDia(π,x) + λ
N∑
i

(
M∑
a

Sia

)2

, (61)

£¤¥ π Å ¶µ-¶·¥¦´¥³Ê ¶ · ³¥É·Ò £¥²¨±µ¨¤Ò; Sia Å ¡¨´ ·´Ò° ´¥°·µ´, µ¶·¥-
¤¥²ÖÕÐ¨° ¶·¨´ ¤²¥¦´µ¸ÉÓ i-° ÉµÎ±¨ ± a-³Ê É·¥±Ê, É. ¥. ¢ ¸²ÊÎ ¥ ¶·¨´ ¤²¥¦-
´µ¸É¨ Sia = 1,   ¢ ¶·µÉ¨¢´µ³ ¸²ÊÎ ¥ Sia = 0. Dia(π,x) Å ±¢ ¤· É · ¸¸ÉµÖ´¨Ö
µÉ ÉµÎ±¨ ¤µ É·¥± . Œ¨´¨³¨§ Í¨Ö (61) ¢¥¤¥É¸Ö ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ± ¦¤ Ö ÉµÎ± 
³µ¦¥É ¶·¨´ ¤²¥¦ ÉÓ Éµ²Ó±µ µ¤´µ³Ê É·¥±Ê ¨²¨ ´¥ ¶·¨´ ¤²¥¦ ÉÓ ´¨ µ¤´µ³Ê.
‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ³¨´¨³¨§¨·Ê¥³Ò° ËÊ´±Í¨µ´ ² ÏÉ· ËÊ¥É¸Ö ´  ¢¥²¨Î¨´Ê
λ, ÎÉµ µ¶·¥¤¥²Ö¥É ±·¨É¨Î¥¸±µ¥ · ¸¸ÉµÖ´¨¥

√
λ, ¤µ ±µÉµ·µ£µ ÉµÎ±¨ Ô´¥·£¥É¨-

Î¥¸±¨ ¢Ò£µ¤´µ ¢±²ÕÎ ÉÓ ¢ É·¥±,   ¶µ¸²¥ Å ¸Î¨É ÉÓ É ±ÊÕ ÉµÎ±Ê ÏÊ³µ¢µ°
(Sia = 0, ∀i).
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„ ²Ó´¥°Ï¨¥ ¢ÒÎ¨¸²¥´¨Ö ¶µ ¶µ¨¸±Ê £²µ¡ ²Ó´µ£µ ³¨´¨³Ê³  ¢¥¤ÊÉ¸Ö ¢ ¸µµÉ-
¢¥É¸É¢¨¨ ¸ µ¡ÒÎ´µ° ¸Ì¥³µ° •
‘: ¸¥ÉÓ É¥·³ ²¨§Ê¥É¸Ö ¨ ¶·¨³¥´Ö¥É¸Ö É¥µ·¨Ö
¸·¥¤´¥£µ ¶µ²Ö. „²Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ Ê³¥´ÓÏ ÕÐ¨Ì¸Ö É¥³¶¥· ÉÊ· ³¥Éµ¤
´ ¨¸±µ·¥°Ï¥£µ ¸¶Ê¸±  ¤ ¥É ¶µÏ £µ¢Ò° ¨É¥· Í¨µ´´Ò°  ²£µ·¨É³ ¶µ¨¸±  ³¨-
´¨³Ê³  [96]:

∆π(k)
a = −η(k)

a

∑
i

Via
∂Dia

∂π
(k)
a

, (62)

£¤¥ ¤²Ö β = 1/T ¶µÉ¥´Í¨ ² Via, ´ §Ò¢ ¥³Ò° Ë ±Éµ·µ³ �µÉÉ¸ , µ¶·¥¤¥²Ö¥É¸Ö
± ±

Via =
e−βDia

e−β λ +
∑M

b=1 e−β Dib

. (63)

‚ ± Î¥¸É¢¥ ¨´¨Í¨ ²¨§¨·ÊÕÐ¥° ¶·µÍ¥¤Ê·Ò �� ·¥±µ³¥´¤ÊÕÉ ²µ± ²Ó´Ò° ¢ ·¨-
 ´É ¶·¥µ¡· §µ¢ ´¨Ö • Ë .

Œ¥Éµ¤ ¤¥Ëµ·³¨·Ê¥³ÒÌ µ¡· §Íµ¢ ¡Ò² Ê¸¶¥Ï´µ ¶·¨³¥´¥´ ¢ · ¡µÉ Ì [26,
97] ¤²Ö µ¡· ¡µÉ±¨ ¤ ´´ÒÌ, ¶ · ³¥É·¨§Ê¥³ÒÌ Ê· ¢´¥´¨¥³ µ±·Ê¦´µ¸É¨: ±µ²¥Í
Î¥·¥´±µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¨ É·¥±µ¢ ¢ µ¤´µ·µ¤´µ³ ³ £´¨É´µ³ ¶µ²¥.

‚ · ¡µÉ¥ [97] ��-³¥Éµ¤µ³ µ¸ÊÐ¥¸É¢²Ö²¸Ö ¶µ¨¸± Î¥·¥´±µ¢¸±¨Ì ±µ²¥Í
¸ µ¤´µ¢·¥³¥´´µ° µÍ¥´±µ° ¨Ì ¶ · ³¥É·µ¢ ¶µ ¤ ´´Ò³ RICH É¨¶  CERES
(¸³. ¶·¨³¥· ´  ·¨¸. 7). Š ± ¨ ¢ [16], ¨¸¸²¥¤µ¢ ´¨¥ ¢¥²µ¸Ó ´  ³µ¤¥²¨ ¤ ´-
´ÒÌ, ¶·¥µ¡· §µ¢ ´´ÒÌ ¢ ®Ì¨ÉÒ¯, É. ¥. ¶µ¸²¥ ¶·¥¤¢ ·¨É¥²Ó´µ° ±² ¸É¥·¨§ Í¨¨
¨ ´ Ìµ¦¤¥´¨Ö Í¥´É·µ¢ ±² ¸É¥·µ¢, ´µ ¶µ¨¸± ¢¥²¸Ö £²µ¡ ²Ó´Ò° ¨ ¡¥§ ¢¸Ö±¨Ì
 ¶·¨µ·´ÒÌ ¸¢¥¤¥´¨° µ Í¥´É· Ì ¨ · ¤¨Ê¸ Ì ±µ²¥Í. �É  ¨´Ëµ·³ Í¨Ö ¡Ò²  ¶µ-
²ÊÎ¥´  ¶µ¸²¥¤µ¢ É¥²Ó´µ° ¢¥·¸¨¥° ¶·¥µ¡· §µ¢ ´¨Ö • Ë , ´ Î¨´ Ö ¸ ¶¥·¥¡µ· 
¤µ¶Ê¸É¨³ÒÌ É·¨¶²¥Éµ¢ (35) ¨ ¶µ¸²¥¤ÊÕÐ¥£µ ¤¢Ê±· É´µ£µ £¨¸Éµ£· ³³¨·µ¢ -
´¨Ö (¸³. · §¤. 1.3.2). ‚ [97] ³µ¦´µ ´ °É¨ ¶µ²¥§´Ò¥ ·¥±µ³¥´¤ Í¨¨ ¶µ ¢Ò¡µ·Ê
· §³¥·µ¢ ¡¨´´¨´£  £¨¸Éµ£· ³³ ¨ ¶µ·µ£µ¢ ¤²Ö µÍ¥´±¨ ¶ · ³¥É·µ¢ ±µ²¥Í, ¶µ²Ê-
Î¥´´Ò¥ ´  µ¸´µ¢¥ ¨¸¸²¥¤µ¢ ´¨Ö µ ¢²¨Ö´¨¨ ´  ÔËË¥±É¨¢´µ¸ÉÓ · ¸¶µ§´ ¢ ´¨Ö
É ±¨Ì Ë ±Éµ·µ¢, ± ± · ¤¨ ²Ó´Ò° · §¡·µ¸ Ì¨Éµ¢, µ¡Ð Ö § ÏÊ³²¥´´µ¸ÉÓ ¸µ-
¡ÒÉ¨Ö ¨ ¸·¥¤´¥¥ Î¨¸²µ ËµÉµ´µ¢ ´  ±µ²ÓÍµ. �¡ ÔËË¥±É¨¢´µ¸É¨ ¶µ²ÊÎ¥´´µ£µ
 ²£µ·¨É³  ·¥ ²¨§ Í¨¨ ��-³¥Éµ¤  ¸¢¨¤¥É¥²Ó¸É¢Ê¥É Éµ, ÎÉµ µ´ ¸ ³¨´¨³ ²Ó´µ°
³µ¤¨Ë¨± Í¨¥° ¡Ò² É ±¦¥ Ê¸¶¥Ï´µ ¶·¨³¥´¥´ ¤²Ö · ¸¶µ§´ ¢a´¨Ö É·¥±µ¢ ¢ ³ £-
´¨É´µ³ ¶µ²¥. �·¨³¥·Ò · ¡µÉÒ  ²£µ·¨É³  ¢ ÔÉ¨Ì ¤¢ÊÌ ·¥¦¨³ Ì ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 25. ‘²¥¤Ê¥É, µ¤´ ±µ, ¸¤¥² ÉÓ ¢ ¦´µ¥ § ³¥Î ´¨¥, ± ¸ ÕÐ¥¥¸Ö ¨§¤¥·¦¥±
£²µ¡ ²Ó´µ¸É¨ ��-³¥Éµ¤ : ¶·¨ ¶µ¶ÒÉ± Ì Ê¢¥²¨Î¨ÉÓ Î¨¸²µ ±µ²¥Í ¨²¨ ³´µ¦¥-
¸É¢¥´´µ¸É¨, É. ¥. Î¨¸²  É·¥±µ¢, ¢ · °µ´¥ ¶µ¨¸±  ¢ÒÏ¥ 12Ä13 ³¥Éµ¤ ¶¥·¥¸É ¢ ²
· ¡µÉ ÉÓ (´¥ £µ¢µ·Ö Ê¦ µ ¡Ò¸É·µ³ ·µ¸É¥ ³ Ï¨´´µ£µ ¢·¥³¥´¨). — ¸É¨Î´µ ÔÉµ
¶·µ¨¸Ìµ¤¨²µ ¨§-§  µÏ¨¡µ± ¢ ¶·¥µ¡· §µ¢ ´¨¨ • Ë , ´µ £² ¢´Ò³ µ¡· §µ³ ¨§-§ 
¶·µ¡²¥³ ¸ ³¨´¨³¨§ Í¨¥° ËÊ´±Í¨µ´ ² .
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�¨¸. 25. �·¨³¥·Ò ·¥§Ê²ÓÉ Éµ¢ · ¡µÉÒ ³¥Éµ¤  ¤¥Ëµ·³¨·Ê¥³ÒÌ µ¡· §Íµ¢ [97]: · c¶µ-
§´ ¢ ´¨¥ Î¥·¥´±µ¢¸±¨Ì ±µ²¥Í (a) ¨ É·¥±µ¢ ¢ ³ £´¨É´µ³ ¶µ²¥ (¡)

‚Éµ· Ö · ¡µÉ  [26] ± ¸ ² ¸Ó ¶·¨³¥´¥´¨Ö ��-³¥Éµ¤  ¢ § ¤ Î¥ · ¸¶µ§´ ¢ -
´¨Ö ¨ µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ É·¥±µ¢ ¢ ¸¨¸É¥³¥ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ±, µ¶¨¸ ´-
´ÒÌ ¢ÒÏ¥ ¢ · §¤. 1.3.3, £¤¥ ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¢ ¶·µ¥±Í¨¨ X0Z Ö¢²ÖÕÉ¸Ö
É·µ°± ³¨ Î¨¸¥² {xi, zi; ri}, i = 1, N , £¤¥ (xi, zi) Å ±µµ·¤¨´ ÉÒ Í¥´É·  ¸· ¡µ-
É ¢Ï¨Ì É·Ê¡µ±; ri Å · ¤¨Ê¸ ¤·¥°Ë . ‘Î¨É Ö É·¥± µ±·Ê¦´µ¸ÉÓÕ ¸ ¶ · ³¥É· ³¨
(a, b;R), ¶µ²ÊÎ ¥³ ¤²Ö · ¸¸ÉµÖ´¨Ö µÉ Í¥´É·  i-° É·Ê¡±¨ ¤µ É·¥±  ¸²¥¤ÊÕÐ¥¥
¢Ò· ¦¥´¨¥:

Di(a, b;R) = R−
√
(xi − a)2 + (zi − b)2,

±µÉµ·µ¥, µÉ· ¦ Ö ¸ÊÉÓ ¶·µ¡²¥³Ò ¶· ¢µ-²¥¢µ-´¥µ¶·¥¤¥²¥´´µ¸É¨, ³µ¦¥É ¡ÒÉÓ
± ± ¶µ²µ¦¨É¥²Ó´Ò³, É ± ¨ µÉ·¨Í É¥²Ó´Ò³. �¡µ§´ Î¨³

d−i = (Di(a, b;R)− ri)2, ¥¸²¨ Di(a, b;R) > 0,

d+
i = (Di(a, b;R) + ri)2 ¢ µ¸É ²Ó´ÒÌ ¸²ÊÎ ÖÌ.

(64)

ˆ§-§  ÔÉµ° ¤¢µ°¸É¢¥´´µ¸É¨ ¶·¨Ï²µ¸Ó ¢³¥¸Éµ ¡¨´ ·´ÒÌ ´¥°·µ´µ¢ Sia, ¨¸¶µ²Ó-
§Ê¥³ÒÌ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¶·¨´ ¤²¥¦´µ¸É¨ ÉµÎ±¨ É·¥±Ê, ¢¢¥¸É¨ ¤¢Ê³¥·´Ò° ¢¥±-
Éµ· si = (s+i , s

−
i ) ¸ ¤µ¶Ê¸É¨³Ò³¨ §´ Î¥´¨Ö³¨ (1, 0), (0, 1), (0, 0). ”Ê´±Í¨µ´ ²

§ ¢¨¸¨É É¥¶¥·Ó µÉ ¶ÖÉ¨ ¶ · ³¥É·µ¢:

E(a, b, R, s−i , s
+
i ) =

N∑
i=1

{
d−i s

−
i + d+

i s
+
i + λ((s−i + s+i )− 1)2

}
, (65)

£¤¥ λ Å µÏ¨¡±  ¨§³¥·¥´¨Ö · ¤¨Ê¸  ¤·¥°Ë , ¨ ³¨´¨³¨§¨·Ê¥É¸Ö ¶·¨ µ£· ´¨-
Î¥´¨¨ s+i + s−i ≤ 1. ” ±Éµ·µ¢ �µÉÉ¸  ¸É ²µ ¤¢ :

s−i =
1

1 + e(d
−
i −λ)/T + e(d

−
i −d+i )/T

, s+i =
1

1 + e(d
+
i −λ)/T + e(d

+
i −d−i )/T

.
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�·¨ É·¥Ì¸ÉÊ¶¥´Î Éµ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ Ê¡Ò¢ ÕÐ¨Ì É¥³¶¥· ÉÊ·, ¨¸¶µ²Ó§Ê-
¥³ÒÌ ¤²Ö ·¥ ²¨§ Í¨¨ ¸Ì¥³Ò ¨³¨É Í¨µ´´µ£µ µÉ¦¨£ , ¶·µÍ¥¤Ê·  ³¨´¨³¨§ -
Í¨¨ µ± § ² ¸Ó ¤µ¸É ÉµÎ´µ ¨§µÐ·¥´´µ° ¨ ¶µÉ·¥¡µ¢ ²  ¶µ¸²¥¤ÊÕÐ¥° ±µ··¥±-
É¨·µ¢±¨ ¶ · ³¥É·µ¢ (¸³. ¤¥É ²¨ ¢ [26]). �¤´ ±µ, ± ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥ ¢
· §¤. 1.3.3, ¢·¥³¥´´Ò¥ § É· ÉÒ ´  ³¥Éµ¤ ¤¥Ëµ·³¨·Ê¥³ÒÌ µ¡· §Íµ¢ Ê¤ ²µ¸Ó
±µ³¶¥´¸¨·µ¢ ÉÓ, ¡² £µ¤ ·Ö µ·£ ´¨§ Í¨¨ £¨¡·¨¤´µ° ¸É·Ê±ÉÊ·Ò µ¡· ¡µÉ±¨, ¢
±µÉµ·µ° ÔÉµÉ ³¥Éµ¤ ¨¸¶µ²Ó§Ê¥É¸Ö Éµ²Ó±µ ¢ ·¥¤±¨Ì ¸²ÊÎ ÖÌ.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §¤¥²  µ¡· É¨³ ¢´¨³ ´¨¥ Î¨É É¥²¥° ´  ¶µ· §¨É¥²Ó-
´ÊÕ µ¡Ð´µ¸ÉÓ ´¥ Éµ²Ó±µ ¤¢ÊÌ ³¥Éµ¤µ¢ Ô² ¸É¨Î´ÒÌ Ï ¡²µ´µ¢ ¨²¨ µ¡· §Íµ¢,
±µÉµ·Ò¥, ´¥¸³µÉ·Ö ´  · §´¨ÍÊ ¢ ¢Ò¢µ¤¥ Ëµ·³Ê² ¤²Ö ËÊ´±Í¨µ´ ²µ¢ Ô´¥·£¨°, ¢
¨Éµ£¥ µÉ²¨Î ÕÉ¸Ö Éµ²Ó±µ ¢Ò¡µ·µ³ ¶µÉ¥´Í¨ ²µ¢, ´µ ´  ¨Ì µ¡Ð´µ¸ÉÓ ¸ ·µ¡ ¸É-
´Ò³ ¶µ¤Ìµ¤µ³, µ¶¨¸ ´´Ò³ ¢ · §¤. 1.1. ”µ·³Ê²  (16) ¤²Ö ·µ¡ ¸É´µ£µ ËÊ´±Í¨-
µ´ ²  ¶· ¢¤µ¶µ¤µ¡¨Ö, ¶µ ¸ÊÉ¨, µ¶¨¸Ò¢ ¥É ¢¸¥ ¢ ·¨ ´ÉÒ Ô² ¸É¨Î´ÒÌ ¶µÉ¥´-
Í¨ ²µ¢. �·¥¤²µ¦¥´´Ò° ¢ · §¤. 1.2 ¸¶µ¸µ¡ µ¶·¥¤¥²¥´¨Ö µ¶É¨³ ²Ó´µ° ¢¥¸µ¢µ°
ËÊ´±Í¨¨ ³¥Éµ¤µ³ ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö [6] ³µ¦¥É ¡ÒÉÓ µ¡µ¡Ð¥´
¤²Ö ¶·¨³¥´¥´¨Ö ¶·¨ ¨´ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ Ëµ´µ¢ÒÌ ¶·µÍ¥¸¸µ¢, ¶·¥¤µ¸É ¢²ÖÖ
¸É·µ£µ µ¡µ¸´µ¢ ´´Ò° ¸É É¨¸É¨Î¥¸±¨° ¶ÊÉÓ ¢Ò¢µ¤  Éµ£µ ¨²¨ ¨´µ£µ Ô² ¸É¨Î´µ£µ
¶µÉ¥´Í¨ ² . �Éµ, ¢ Î ¸É´µ¸É¨, ¶µ¤É¢¥·¦¤ ¥É ¨ ¸µ¢¶ ¤¥´¨¥ ¨¤¥¨ µ ¢µ§³µ¦´µ-
¸É¨ µ¡· ¡µÉ±¨ ®¸Ò·ÒÌ¯ ¤ ´´ÒÌ, ¶·¥¤²µ¦¥´´µ¥ ¢ · ¡µÉ¥ [113] „¦¨² ¸¸¨ ¨
• ·² ´¤¥·µ³,   § É¥³ ¢ · ¡µÉ¥ [8], £¤¥ ¤ ¥É¸Ö ¡µ²¥¥ µ¡Ð¨° ¶µ¤Ìµ¤ ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¤¢Ê³¥·´µ° ¢¥¸µ¢µ° ËÊ´±Í¨¨ (31). �É³¥É¨³ É ±¦¥ · ¡µÉÊ [114],
£¤¥ ·µ¡ ¸É´Ò° ¶µ¤Ìµ¤ ¸ £ Ê¸¸µ¢Ò³ ¶µÉ¥´Í¨ ²µ³ ¶·¨³¥´¥´ ¤²Ö ¶µ¤£µ´±¨ Ô²-
²¨¶¸µ¢ ¶µ ´¥¶µ²´Ò³ ¨ ¸¨²Ó´µ § ÏÊ³²¥´´Ò³ ¤ ´´Ò³. Œ¨´¨³¨§ Í¨Õ ¸¨²Ó´µ
´¥²¨´¥°´µ£µ ËÊ´±Í¨µ´ ²  ¢¨¤  (16) Ê¤ ²µ¸Ó ÔËË¥±É¨¢´µ µ¸ÊÐ¥¸É¢¨ÉÓ ¸ ¶µ-
³µÐÓÕ ¶·µ£· ³³Ò FUMIVI [115].

4. ‘‚	‰‘’‚� ‚…‰‚‹…’-��…	
��‡	‚��ˆ‰ ˆ ˆ• ��ˆŒ…�…�ˆ…
„‹Ÿ ���‹ˆ‡� „���›• ‚ ”‚3

”Ê·Ó¥- ´ ²¨§, ¸É ¢Ï¨° µ¤´¨³ ¨§ µ¸´µ¢´ÒÌ ³¥Éµ¤µ¢ ³ Ï¨´´µ£µ  ´ ²¨§ 
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¨£´ ²µ¢ ¶µ¸²¥ ¢¢¥¤¥´¨Ö ¡Ò¸É·µ£µ  ²£µ·¨É³  ¤¨¸±·¥É-
´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ”Ê·Ó¥, µ±µ²µ 10 ²¥É Éµ³Ê ´ § ¤ ´ Î ² ¡Ò¸É·µ Ê¸ÉÊ¶ ÉÓ
¸¢µ¨ ¶µ§¨Í¨¨ ¢¥°¢²¥É- ´ ²¨§Ê. ’¥·³¨´ ¢¥°¢²¥É (®wavelet¯ ( ´£².) Å ³ -
²¥´Ó± Ö ¢µ²´ ) ´¥ ¸· §Ê ÊÉ¢¥·¤¨²¸Ö ¢ ·Ê¸¸±µÖ§ÒÎ´µ° ´ ÊÎ´µ° ²¨É¥· ÉÊ·¥, ¨
¥Ð¥ É·¨ £µ¤  ´ § ¤ ·Ö¤ ¨§¢¥¸É´ÒÌ ¨¸¸²¥¤µ¢ É¥²¥° ¶·¥¤¶µÎ¨É ²¨ ¥³Ê ·Ê¸¸±¨¥
É¥·³¨´Ò É¨¶  ®¢¸¶²¥¸±¯ ¨²¨ ®¢µ²´µ²¥É¯ [116], ±µÉµ·Ò¥, µ¤´ ±µ, ´¥ ¶·¨¦¨-
²¨¸Ó. �ËË¥±É¨¢´µ¸ÉÓ ¢¥°¢²¥É- ´ ²¨§  ¢ ¸· ¢´¥´¨¨ ¸ ¶·¥µ¡· §µ¢ ´¨¥³ ”Ê·Ó¥
µ¡ÑÖ¸´Ö¥É¸Ö ¡µ²ÓÏ¥° ¨´Ëµ·³ É¨¢´µ¸ÉÓÕ ¶¥·¢µ£µ, ±µÉµ·Ò° ¶·¥¤µ¸É ¢²Ö¥É ¨¸-
¸²¥¤µ¢ É¥²Õ ¤µ¶µ²´¨É¥²Ó´ÊÕ ¸É¥¶¥´Ó ¸¢µ¡µ¤Ò ¤²Ö  ´ ²¨§  ¢ ¢¨¤¥ ¢µ§³µ¦´µ-
¸É¨ ¢¨¤¥ÉÓ · §²µ¦¥´¨¥ ¸¨£´ ²µ¢ ¶µ ¸µ²¨Éµ´µ¶µ¤µ¡´Ò³ ¡ §¨¸´Ò³ ËÊ´±Í¨Ö³
¶·¨ · §²¨Î´ÒÌ ³ ¸ÏÉ ¡ Ì.
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�¤´µ³¥·´µ¥ ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨¥ ¸¨£´ ²  f(x) ¨³¥¥É ¸²¥¤ÊÕÐ¨°
¢¨¤ [117]:

Wψ(a, b)f =
1√
CΨ

∞∫
−∞

1√
|a|

Ψ
(
b− x

a

)
f(x) dx, (66)

£¤¥ ËÊ´±Í¨Ö Ψ ´ §Ò¢ ¥É¸Ö ¢¥°¢²¥Éµ³; b Å ¸³¥Ð¥´¨¥; a Å ³ ¸ÏÉ ¡ ¨²¨
Ï± ² . 
µ·³¨·ÊÕÐ¨° ±µÔËË¨Í¨¥´É · ¢¥´

CΨ = 2π

∞∫
−∞

|Ψ̃(ω)|2
|ω| dω < ∞, (67)

£¤¥ Ψ̃(ω) Å ËÊ·Ó¥-µ¡· § ¢¥°¢²¥É  Ψ(x). “¸²µ¢¨¥ Cψ <∞ Ö¢²Ö¥É¸Ö Ê¸²µ¢¨¥³
¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢¥°¢²¥É  Ψ. �´µ ¢Ò¶µ²´Ö¥É¸Ö, ¢ Î ¸É´µ¸É¨, ¥¸²¨ · ¢´Ò ´Ê²Õ
¶¥·¢Ò¥ n− 1 ³µ³¥´Éµ¢:

∞∫
−∞

|x|mΨ(x)dx = 0, 0 ≤ m < n. (68)

�Î¥¢¨¤´µ, ÎÉµ ¶·¨ Ψ1/ω,0(x) = e−iωx ³Ò ¨³¥¥³ µ¡ÒÎ´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ”Ê-
·Ó¥. �¡· É´µ¥ ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

f(x) =
1√
CΨ

∫ ∫
1√
a
Ψ
(
x− b

a

)
[WΨ(a, b)f ]

da db

a2
. (69)

‘¢µ¡µ¤  ¢ ¢Ò¡µ·¥ ¡ §¨¸´ÒÌ ËÊ´±Í¨° Ψa,b(x) ¶µ§¢µ²¨²  ¢¢¥¸É¨ ³´µ£¨¥
É¨¶Ò ¢¥°¢²¥Éµ¢, µ¡ÒÎ´µ ´ §Ò¢ ¥³Ò¥ ¶µ ¨³¥´¨ ¶·¥¤²µ¦¨¢Ï¨Ì ¨Ì ¨¸¸²¥¤µ¢ -
É¥²¥°: ¢¥°¢²¥ÉÒ •  · , „µ¡¥Ï¨, Œ ²² É , Œ¥°¥·  ¨ É. ¤. [117]. ‚ ¶µ¸²¥¤´¨¥
£µ¤Ò ¶µÖ¢¨²µ¸Ó É ±¦¥ ¸¥³¥°¸É¢µ ¡Ò¸É·µ¢ÒÎ¨¸²Ö¥³ÒÌ ¢¥°¢²¥Éµ¢ ¢Éµ·µ£µ ¶µ-
±µ²¥´¨Ö, ¶µ·µ¦¤ ¥³ÒÌ É ± ´ §Ò¢ ¥³µ° ²¨ËÉ¨´£-¸Ì¥³µ° [118]. ‚ ÔÉµ° ¸¢Ö§¨
¢ · ¡µÉ¥ [122] ¡Ò² ¶·µ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ¨ ÉµÎ-
´µ¸É´ÒÌ ¸¢µ°¸É¢ ¢¥°¢²¥Éµ¢ ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¶µ±µ²¥´¨°, ÎÉµ¡Ò ¶µ³µÎÓ Ô±¸-
¶¥·¨³¥´É Éµ· ³ ¢ ´¨Ì µ·¨¥´É¨·µ¢ ÉÓ¸Ö.

— ¸Éµ ¢ ± Î¥¸É¢¥ ¢¥°¢²¥Éµ¢ ¨¸¶µ²Ó§ÊÕÉ ¶·µ¨§¢µ¤´Ò¥ ËÊ´±Í¨¨ ƒ Ê¸¸ 

Ψ(x) ≡ gn(x) = (−1)n+1 dn

dxn
e−x

2/2, n > 0, (70)

¸ ´µ·³¨·ÊÕÐ¨³ ±µÔËË¨Í¨¥´Éµ³ Cgn = 2π(n−1)!, ´ §Ò¢ ¥³Ò¥ ¶µÔÉµ³Ê £ Ê¸-
¸µ¢Ò³¨ ¢¥°¢²¥É ³¨ (ƒ‚) ¨²¨ ¢¥°¢²¥É ³¨ ¸ ´Ê²¥¢Ò³¨ ³µ³¥´É ³¨. �¥·¢Ò¥ ¤¢ 
£ Ê¸¸µ¢  ¢¥°¢²¥É  Ìµ·µÏµ ¨§¢¥¸É´Ò [117]:

g1(x) = −x e−x
2/2, g2(x) = (1 − x2) e−x

2/2. (71)

‚Éµ·µ° ¨§ ´¨Ì ´ §Ò¢ ¥É¸Ö ®³¥±¸¨± ´¸±µ° Ï²Ö¶µ°¯ (MHAT).
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�¨¸. 26. ƒ Ê¸¸µ¢Ò ¢¥°¢²¥ÉÒ µÉ ¶¥·¢µ£µ ¤µ Î¥É¢¥·Éµ£µ ¶µ·Ö¤± 

�¨¸. 27. �É´µ¸¨É¥²Ó´Ò¥ ¶²µÐ ¤¨ £ Ê¸¸µ¢Òx ¢¥°¢²¥Éµ¢

�¤´ ±µ, ± ± ¢ÒÖ¸´¨²µ¸Ó ¢ · ¡µÉ¥ [119], ¢ § ¤ Î¥ · §·¥Ï¥´¨Ö ¡²¨§±¨Ì ¸¨£-
´ ²µ¢ ¶µÉ·¥¡µ¢ ²¨¸Ó £ Ê¸¸µ¢Ò ¢¥°¢²¥ÉÒ ¨ ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± ,   ¨³¥´´µ:

g3(x) = (3x− x3) e−x
2/2,

g4(x) = (6x2 − x4 − 3) e−x
2/2.

‚¨¤ £ Ê¸¸µ¢ÒÌ ¢¥°¢²¥Éµ¢ µÉ ¶¥·¢µ£µ ¤µ Î¥É¢¥·Éµ£µ ¶µ·Ö¤±  ¶µ± § ´ ´ 
·¨¸. 26. ‘·¥¤¨ ¶µ²¥§´ÒÌ ¸¢µ°¸É¢ £ Ê¸¸µ¢ÒÌ ¢¥°¢²¥Éµ¢ µÉ³¥É¨³ ¤¢ , µÉ´µ¸Ö-
Ð¨Ì¸Ö ± ¨Ì ¶·µ¨§¢µ¤´Ò³ ¨ ¨´É¥£· ² ³:

d gn(x)
dx

= −gn+1(x),

x2∫
x1

gn(x) = gn−1(x1)− gn−1(x2). (72)

‚¥¸Ó³  ¢ ¦´µ¥ ¸¢µ°¸É¢µ ƒ‚ ¡Ò²µ ´ °¤¥´µ ¢ [119], µ´µ ¸µ¸Éµ¨É ¢ ¸µÌ· ´¥´¨¨
µÉ´µ¸¨É¥²Ó´µ° ¶²µÐ ¤¨ ƒ‚ (¸³. ·¨¸. 27), ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ± ±

w(x) =

x∫
0

|gn(x)| dx
∞∫
0

|gn(x)| dx
. (73)

�Éµ ¸¢µ°¸É¢µ £ Ê¸¸µ¢ÒÌ ¢¥°¢²¥Éµ¢ ¸µÌ· ´ÖÉÓ µÉ´µ¸¨É¥²Ó´ÊÕ ¶²µÐ ¤Ó ¶·¨
¶¥·¥Ìµ¤¥ ± ËÊ´±Í¨Ö³ ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤±  ´¥ § ¢¨¸¨É ´¨ µÉ ¸³¥Ð¥´¨Ö
¢¥°¢²¥Éµ¢ (ÎÉµ ¢¶µ²´¥ µÎ¥¢¨¤´µ), ´¨ µÉ ¨Ì · ¸ÉÖ¦¥´¨Ö. ‘ ¥£µ ¶µ³µÐÓÕ
Ê¤ ²µ¸Ó ¢Ò¡· ÉÓ µ¶É¨³ ²Ó´Ò¥ ³ ¸ÏÉ ¡Ò ¤²Ö ƒ‚ · §´ÒÌ ¶µ·Ö¤±µ¢ ¢ § ¤ Î¥
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µÍ¥´±¨ ¶ · ³¥É·µ¢ ¸¨£´ ²µ¢ ±µ²µ±µ²µµ¡· §´µ° Ëµ·³Ò. ˆÌ  ¶¶·µ±¸¨³ Í¨Ö ¸
¶µ³µÐÓÕ £ Ê¸¸¨ ´ 

g(x;A, x0, σ) = A exp
(
− (x− x0)2

2σ2

)
(74)

¶µ§¢µ²Ö¥É ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö É¥³ § ³¥Î É¥²Ó´Ò³ ¸¢µ°¸É¢µ³, ÎÉµ £ Ê¸¸µ¢µ ¢¥°¢-
²¥É-¶·¥µ¡· §µ¢ ´¨¥ µÉ (74) ¢Ò£²Ö¤¨É É ± ¦¥, ± ± ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¢¥°¢²¥É:

Wgn(a, b)g =
Aσan+1/2√
(n− 1)!sn+1

gn

(
b− x0

s

)
,

£¤¥ µ¡µ§´ Î¥´µ s =
√
a2 + σ2. ˆ¸±²ÕÎ Ö exp

(
− (b − x2

0)
2(a2 + σ2)

)
, ¸ ¶µ³µÐÓÕ

µÉ´µÏ¥´¨Ö ¢¥°¢²¥Éµ¢ · §´ÒÌ ¶µ·Ö¤±µ¢  ¢Éµ·Ò · ¡µÉÒ [119] ¶µ²ÊÎ¨²¨ Ö¢´Ò¥
¢Ò· ¦¥´¨Ö ¤²Ö µÍ¥´±¨ ¶ · ³¥É·µ¢ ¸¨£´ ²  £ Ê¸¸µ¢µ° Ëµ·³Ò:

x0 = b±

√√√√(a2 + σ2)

[
3 +

√
2 (a2 + σ2)

a2

Wg3(a, b)g
Wg1(a, b)g

]
. (75)

‚¥·´Ò° §´ ± ¢ (75) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, ¢ÒÎ¨¸²ÖÖ ±µÔËË¨Í¨¥´ÉÒ ´¥Î¥É´ÒÌ ¢¥°¢-
²¥Éµ¢ ¢ Î¨¸²¨É¥²¥ ¨ §´ ³¥´ É¥²¥ ¢ ÉµÎ± Ì, ²¥¦ Ð¨Ì ¤µ¸É ÉµÎ´µ ¤ ²¥±µ µÉ
¶·¥¤¶µ² £ ¥³µ£µ ¶µ²µ¦¥´¨Ö ¸¨£´ ² . �´ ²µ£¨Î´µ Î¥·¥§ µÉ´µÏ¥´¨¥ Î¥É´ÒÌ
¢¥°¢²¥Éµ¢, ¢ÒÎ¨¸²¥´´ÒÌ ¢ ÉµÎ± Ì, ²¥¦ Ð¨Ì ± ± ³µ¦´µ ¡²¨¦¥ ± ¶·¥¤¶µ² £ -
¥³µ³Ê §´ Î¥´¨Õ x0, ³µ¦´µ µÍ¥´¨ÉÓ ¨ ¶ · ³¥É· ¶µ²ÊÏ¨·¨´Ò ¸¨£´ ²  σ:

σ2 = −a2

(
1 +

√
3
2
Wg2(a, x0)g
Wg4(a, x0)g

)
. (76)

‚ [119] µ¶¨¸ ´ É ±¦¥ ³¥Éµ¤ µÍ¥´±¨ ¶ · ³¥É·µ¢ ¤Ê¡²¥É  ¨§ ¤¢ÊÌ ¡²¨§±¨Ì
¸¨£´ ²µ¢ £ Ê¸¸µ¢µ° Ëµ·³Ò. ‘· ¢´¥´¨¥ ÉµÎ´µ¸É¥° ÔÉµ° µÍ¥´±¨ ¸  ´ ²µ£¨Î-
´µ° µÍ¥´±µ°, ¶µ²ÊÎ¥´´µ° ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨Ö ”Ê·Ó¥, ¶µ± § ²µ ¶·¥-
¨³ÊÐ¥¸É¢µ ¢¥°¢²¥É-µÍ¥´µ± [120], ¶·¨¡²¨¦ ÕÐ¨Ì¸Ö ¶µ ÉµÎ± ³ ± ¶·¥¤¥²Ó´Ò³
¢µ§³µ¦´Ò³ §´ Î¥´¨Ö³, ¢ÒÎ¨¸²¥´´Ò³ ¢ [121]. �µ²¥§´µ ¶·µ¢¥¤¥´´µ¥ ¢ [119]
¨¸¸²¥¤µ¢ ´¨¥ ¢²¨Ö´¨Ö ´  ·¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì µÍ¥´µ± É ±¨Ì ·¥ ²Ó´µ ¶·¨¸ÊÉ¸É¢Ê-
ÕÐ¨Ì Ë ±Éµ·µ¢, ± ± ´ ²¨Î¨¥ ¸²ÊÎ °´µ£µ · §¡·µ¸  ¨§³¥·¥´¨°, £·Ê¡µ¸ÉÓ µÍ¨-
Ë·µ¢±¨ ¸¨£´ ²µ¢ ¨ ´ ²¨Î¨¥ ®³¥·É¢ÒÌ¯ ± ´ ²µ¢ ¶·¨ µÍ¨Ë·µ¢±¥.

�µ³¨³µ ¤·Ê£¨Ì ³´µ£µÎ¨¸²¥´´ÒÌ ¶·¨³¥´¥´¨° ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨° ¢
”‚� ¤²Ö ¶·¥¤¸É ¢²¥´¨Ö ¨  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ (¸³., ´ ¶·¨-
³¥·, µ¡§µ· 
.Œ.�¸É ËÓ¥¢µ° [117] ¨ ¸É ÉÓ¨ ˆ.Œ. „·¥³¨´  [98,123]), ¢¥°¢²eÉ-
 ´ ²¨§ µ¸µ¡¥´´µ  ±É¨¢´µ ¨¸¶µ²Ó§ÊeÉ¸Ö ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¤²Ö ¨§ÊÎ¥´¨Ö ¢§ ¨-
³µ¤¥°¸É¢¨° Ö¤¥· ¢Ò¸µ±¨Ì Ô´¥·£¨°.
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‚ · ¡µÉ Ì [123] ¢¥°¢²¥É- ´ ²¨§ ¨¸¶µ²Ó§µ¢ ²¸Ö ¤²Ö · ¸¶µ§´ ¢ ´¨Ö µ¡· §µ¢
¢ PbÄPb-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ Ô´¥·£¨¨ 158 ƒÔ‚/´Ê±²µ´. ‚ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥-
´¨ÖÌ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¡Ò²¨ ´ °¤¥´Ò ¸É·Ê±ÉÊ·Ò, ±µÉµ·Ò¥ ³µ¦´µ ¨´É¥·¶·¥-
É¨·µ¢ ÉÓ ± ± Î¥·¥´±µ¢¸±µ¥ ¨§²ÊÎ¥´¨¥ £²Õµ´µ¢. ‚ [123] Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥
Î ¸É¨Í ¢ ¸µ¡ÒÉ¨¨ ¶·¥¤¸É ¢²Ö²µ¸Ó ¢ ¢¨¤¥

d2n

dϕdθ
=

1
N

N∑
i=1

δ(ϕ− ϕi)δ(θ − θi), (77)

£¤¥ θ Å ¶µ²Ö·´Ò° Ê£µ², µÉ¸Î¨ÉÒ¢ ¥³Ò° µÉ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  ´ ²¥É Õ-
Ð¥£µ Ö¤· ; ϕ Å  §¨³ÊÉ ²Ó´Ò° Ê£µ²; N Å Î¨¸²µ Î ¸É¨Í ¢ ¸µ¡ÒÉ¨¨; ϕi ¨ θi Å
Ê£²Ò ¨¸¶Ê¸± ´¨Ö i-£µ  ¤·µ´ ; δ Å ËÊ´±Í¨Ö „¨· ± .

ˆ´É¥£·¨·ÊÖ (77) ¶µ θ ¨²¨ ϕ, ¶µ²ÊÎ ¥³ · ¸¶·¥¤¥²¥´¨Ö ¶µ  §¨³ÊÉ ²Ó´µ³Ê
¨²¨ ¶µ²Ö·´µ³Ê Ê£²Ê ¸µµÉ¢¥É¸É¢¥´´µ:

dn

dϕ
=

1
N

N∑
i=1

δ(ϕ− ϕi), (78)

dn

dθ
=

1
N

N∑
i=1

δ(θ − θi). (79)

‚ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ¢³¥¸Éµ θ ¶¸¥¢¤µ¡Ò¸É·µÉ 
η = − ln (tg (θ/2)). � ¸¶·¥¤¥²¥´¨¥ ¶µ η ¡Ê¤¥³ § ¤ ¢ ÉÓ ¢ ¢¨¤¥

dn

dη
=

1
N

N∑
i=1

δ(η − ηi). (80)

‚¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨¥ ËÊ´±Í¨° É¨¶  (78)Ä(80) ¨³¥¥É ¶·µ¸Éµ° ¢¨¤

WΨ(a, b) =
1
N

N∑
i=1

a−1/2Ψ
(
x− b

a

)
, (81)

Éµ ¥¸ÉÓ ± ¦¤µ° Î ¸É¨Í¥ ¸µ¶µ¸É ¢²Ö¥É¸Ö ËÊ´±Í¨Ö ¤¢ÊÌ ¶¥·¥³¥´´ÒÌ. ‚¥°¢²¥É-
µ¡· § ¸µ¡ÒÉ¨Ö ¤ ¥É¸Ö ¸Ê³³µ° ÔÉ¨Ì ËÊ´±Í¨°.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 28 ¶·¥¤¸É ¢²¥´Ò ¢¥°¢²¥É-µ¡· §Ò (¸¶¥±É·Ò)
¸µ¡ÒÉ¨Ö ¸ 6 Î ¸É¨Í ³¨, ¨³¥ÕÐ¨³¨ ¶¸¥¢¤µ¡Ò¸É·µÉÒ η1 = 1, η2 = 2, 75,
η3 = 3, 25, η4 = 5, η5 = 6, η6 = 7. �µ £µ·¨§µ´É ²Ó´µ° µ¸¨ µÉ²µ¦¥´µ
¸³¥Ð¥´¨¥, ¶µ ¢¥·É¨± ²Ó´µ° Å ³ ¸ÏÉ ¡. ‡´ Î¥´¨Ö ¢¥°¢²¥É-±µÔËË¨Í¨¥´Éµ¢
¶·¥¤¸É ¢²¥´Ò · §²¨Î´Ò³¨ µÉÉ¥´± ³¨ ¸¥·µ£µ Í¢¥É . f¥²Ò° Í¢¥É ¸µµÉ¢¥É¸É¢Ê¥É
³ ±¸¨³ ²Ó´µ³Ê §´ Î¥´¨Õ ±µÔËË¨Í¨¥´É , Î¥·´Ò° Å ³¨´¨³ ²Ó´µ³Ê. „ ´Ò
É ±¦¥ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ WΨ(a, b)2 ¨ ¸± ²µ£· ³³Ò EW (a) =

∫
WΨ(a, b)2db.
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�¨¸. 28. ‚¥°¢²¥É-c¶¥±É·Ò (a), ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ (¡) ¨ ¸± ²µ£· ³³Ò É¥¸Éµ¢µ£µ ¶·¨-
³¥·  (¢)

‚¥°¢²¥É g1 (¸³. ·¨¸. 26) ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ µÉ·¨Í É¥²Ó´ÒÌ ¨ ³¨´¨-
³Ê³ ¶·¨ ¶µ²µ¦¨É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ ¸¢µ¥£µ  ·£Ê³¥´É . �µ²µ¦¥´¨Ö ÔÉ¨Ì ÉµÎ¥±
Ô±¸É·¥³Ê³  ´  · §´ÒÌ ³ ¸ÏÉ ¡ Ì Î¥É±µ ¢¨¤´Ò ¢ ¸¶¥±É·¥ ¶²µÉ´µ¸É¨ Ô´¥·-
£¨¨. ‚¥°¢²¥É g2 ¨³¥¥É 3 ÉµÎ±¨ Ô±¸É·¥³Ê³ . ‚¸¥ µ´¨ ¶·¥¤¸É ¢²¥´Ò ¢ ¸¶¥±É·¥
Ô´¥·£¨¨ ¨ É. ¤. ‘± ²µ£· ³³Ò ¤ ÕÉ µ¡µ¡Ð¥´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ ÉµÎ± Ì Ô±¸-
É·¥³Ê³µ¢.

Š ± ¢¨¤´µ ¨§ ·¨¸. 28, · §´Ò¥ ¢¥°¢²¥ÉÒ ¤ ÕÉ · §´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö Î ¸É¨Í.
�µ¦ ²Ê°, ´ ¨¡µ²¥¥ ®¶·¨¢ÒÎ´Ò¥¯ ¶µ²ÊÎ ÕÉ¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Î¥É´ÒÌ ¢¥°-
¢²¥Éµ¢. 
¥Î¥É´Ò¥ ¢¥°¢²¥ÉÒ, ¢µ§³µ¦´µ, ³µ£ÊÉ ¡ÒÉÓ ¶µ²¥§´Ò ¶·¨  ¢Éµ³ É¨§¨-
·µ¢ ´´µ° µ¡· ¡µÉ±¥ ¤ ´´ÒÌ.

‚¥°¢²¥É g1, ´  ¶¥·¢Ò° ¢§£²Ö¤, ¶µ§¢µ²Ö¥É ²µ± ²¨§µ¢ ÉÓ µ¡² ¸É¨ ´¥µ¤´µ·µ¤-
´µ¸É¥° ¢ · ¸¶·¥¤¥²¥´¨¨ Î ¸É¨Í Å ¶µ²µ¦¥´¨Ö ²µ± ²Ó´ÒÌ ³ ±¸¨³Ê³µ¢ ¶²µÉ-
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´µ¸É¨ Ô´¥·£¨¨ ´  Ï± ²¥ ¸³¥Ð¥´¨° (b = 2, 5 ¨ b = 3, 5) ¢Ò¤¥²ÖÕÉ £·Ê¶¶Ê
Î ¸É¨Í 2 ¨ 3,   ¨Ì ¶µ²µ¦¥´¨¥ ´  Ï± ²¥ ³ ¸ÏÉ ¡µ¢ Å · §³¥·Ò £·Ê¶¶Ò. �¤-
´ ±µ ¸²¥¤ÊÕÐ¨¥ ²µ± ²Ó´Ò¥ ³ ±¸¨³Ê³Ò · ¸¶µ² £ ÕÉ¸Ö ¶·¨ a = 4 ¨ b ∼ 0,
b ∼ 9. Š ±µ£µ-²¨¡µ ¢Ò¤¥²¥´¨Ö £·Ê¶¶Ò Î ¸É¨Í 4, 5, 6 ´¥ ¶·µ¨¸Ìµ¤¨É. ‚ Éµ ¦¥
¢·¥³Ö ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¸± ²µ£· ³³¥ ¨³¥ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨, ¶µ-¢¨¤¨³µ³Ê,
¸¢Ö§ ´´Ò¥ ¸ Ì · ±É¥·¨¸É¨± ³¨ £·Ê¶¶ Î ¸É¨Í.

fµ²¥¥ ¨´É¥·¥¸¥´ ¢¥°¢²¥É g2. �µ²µ¦¥´¨Ö ²µ± ²Ó´ÒÌ ³ ±¸¨³Ê³µ¢ (a � 0, 5
¨ b = 3, a � 1 ¨ b = 6) ´  Ï± ²¥ ¸³¥Ð¥´¨° ¸¢Ö§ ´Ò ¸ ¶µ²µ¦¥´¨Ö³¨ Í¥´É·µ¢
£·Ê¶¶ Î ¸É¨Í 2, 3 ¨ 4, 5, 6. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ³ ¸ÏÉ ¡Ò ¤ ÕÉ ¶·¥¤¸É ¢²¥´¨¥ µ
Ï¨·¨´¥ £·Ê¶¶Ò ´  Ï± ²¥ ¶¸¥¢¤µ¡Ò¸É·µÉ. �µ²µ¦¥´¨Ö ²µ± ²Ó´ÒÌ ³¨´¨³Ê³µ¢
¤ ÕÉ Í¥´É·Ò ¶¸¥¢¤µ¡Ò¸É·µÉ´ÒÌ Ð¥²¥° ³¥¦¤Ê £·Ê¶¶ ³¨. ‚ ¸± ²µ£· ³³¥ ¨³¥-
ÕÉ¸Ö ÉµÎ±¨ Ô±¸É·¥³Ê³  (³¨´¨³Ê³µ¢) ¶·¨ b � 0, 5 ¨ 1,2. �µÔÉµ³Ê ¸± ²µ£· ³³Ò
³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö ¡Ò¸É·µ£µ ¢Ò¤¥²¥´¨Ö £·Ê¶¶ Î ¸É¨Í.

Š ± ¢¨¤´µ ¨§ ·¨¸. 28, ¢ ¢¥°¢²¥É-¸¶¥±É·¥ g2 ¶·¨ ³ ¸ÏÉ ¡¥ ³¥´ÓÏ¥ 0,3 ¢¸¥
Î ¸É¨ÍÒ · §²¨Î¨³Ò. �·¨ ³ ¸ÏÉ ¡¥ ¡µ²ÓÏ¥ 0,5 Î ¸É¨ÍÒ 2 ¨ 3 ´¥· §²¨Î¨³Ò.
�·¨ a > 1 ´¥· §²¨Î¨³Ò Î ¸É¨ÍÒ 4, 5, 6. �·¨ a > 2 ³µ¦´µ ¡Ò²µ µ¦¨¤ ÉÓ
®¸²¨Ö´¨Ö¯ Î ¸É¨Í 1, 2 ¨ 3. �¤´ ±µ ÔÉµ£µ ´¥ ¶·µ¨¸Ìµ¤¨É ¨§-§  ³ ²µ£µ ¢±² ¤ 
Î ¸É¨ÍÒ 1 ¢ ¢¥°¢²¥É-±µÔËË¨Í¨¥´ÉÒ ¶·¨ ¡µ²ÓÏ¨Ì ³ ¸ÏÉ ¡ Ì. ’ ±¨³ µ¡· §µ³,
¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨¥ g2 ¶µ§¢µ²Ö¥É £·Ê¶¶¨·µ¢ ÉÓ Î ¸É¨ÍÒ. �´ ²µ£¨Î´Ò³¨
¸¢µ°¸É¢ ³¨ µ¡² ¤ ¥É ¢¥°¢²¥É g4. Š ¸µ¦ ²¥´¨Õ, Ì · ±É¥·¨¸É¨±¨ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¸± ²µ£· ³³ ´¥ É ± Î¥É±µ ¸±µ··¥²¨·µ¢ ´Ò ¸ Ì · ±É¥·¨¸É¨± ³¨ Î ¸É¨Í.
�µÔÉµ³Ê ¨¸¶µ²Ó§µ¢ ²¸Ö ¢ µ¸´µ¢´µ³ ¢¥°¢²¥É g2.

‚ · ¡µÉ¥ [124] ÔÉµÉ ¶µ¤Ìµ¤ ¨¸¶µ²Ó§µ¢ ²¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö Ô±¸¶¥·¨³¥´-
É ²Ó´µ£µ ³ É¥·¨ ² , ¶µ²ÊÎ¥´´µ£µ ¶·¨ µ¡²ÊÎ¥´¨¨ ´  Ê¸±µ·¨É¥²¥ SPS (CERN)
Ö¤· ³¨ ±¨¸²µ·µ¤  ¨ ¸¥·Ò ¸ ¨³¶Ê²Ó¸ ³¨ 200 ¨ 60 ƒÔ‚/¸/´Ê±²µ´ ¸Éµ¶µ± Ö¤¥·-
´µ° ËµÉµÔ³Ê²Ó¸¨¨ 
ˆŠ”ˆ f�-2. ˆ¸¸²¥¤µ¢ ²¨¸Ó 884 ¸µ¡ÒÉ¨Ö S + Em- ¨
504 ¸µ¡ÒÉ¨Ö O+ Em-¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ 200 ƒÔ‚/¸/´Ê±²µ´ ¨ 504 ¸µ¡ÒÉ¨Ö
O+ Em-¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ 60 ƒÔ‚/¸/´Ê±²µ´. ‚ ± ¦¤µ³ ´ °¤¥´´µ³ ¶·¨ ¶·µ-
¸³µÉ·¥ ¸µ¡ÒÉ¨¨ ¤²Ö ¢¸¥Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¡Ò²¨ ¨§³¥·¥´Ò ¶·µ¸É· ´¸É¢¥´-
´Ò¥ (θ) ¨  §¨³ÊÉ ²Ó´Ò¥ (ϕ) Ê£²Ò.

� ¸¸³ É·¨¢ ²¨¸Ó ²¨¢´¥¢Ò¥, ¨²¨ s-Î ¸É¨ÍÒ, É. ¥. µ¤´µ§ ·Ö¤´Ò¥ Î ¸É¨ÍÒ
¸µ ¸±µ·µ¸ÉÓÕ β = v/c ≥ 0, 7, ¸µ¸ÉµÖÐ¨¥, ¢ µ¸´µ¢´µ³, ¨§ Î ¸É¨Í, ·µ¦¤¥´-
´ÒÌ ¢µ ¢§ ¨³µ¤¥°¸É¢¨¨, ¨ µ¤´µ§ ·Ö¤´ÒÌ Ë· £³¥´Éµ¢ ¸´ ·Ö¤ . Š ± ¢¨¤´µ ¨§
·¨¸. 29, · ¸¶·¥¤¥²¥´¨¥ ¤²Ö O+ Em-¢§ ¨³µ¤¥°¸É¢¨° ¸µ¤¥·¦¨É ¤¢¥ ¶µ¤¸É·Ê±-
ÉÊ·Ò ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨, ¶·µÖ¢²ÖÕÐ¨¥¸Ö ¶·¨ ³ ¸ÏÉ ¡¥ 0,4. 
¥ ¨¸-
±²ÕÎ¥´µ, ÎÉµ ¸É·Ê±ÉÊ·  ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´  ¸ µ¸µ¡¥´´µ¸ÉÖ³¨ Ö¤·  ±¨¸²µ·µ¤ 
(Ö¤·  ±¨¸²µ·µ¤  ¨ Ê£²¥·µ¤  ¸Î¨É ÕÉ¸Ö ¸¨²Ó´µ ±² ¸É¥·¨§µ¢ ´´Ò³¨ Ö¤· ³¨).

• · ±É¥·¨¸É¨±¨ ¸µ¡ÒÉ¨°, ¸µ¤¥·¦ Ð¨Ì É·¨ £·Ê¶¶Ò Î ¸É¨Í, ¤ ´Ò ´  ·¨¸. 30.
Œµ¦´µ § ³¥É¨ÉÓ ¡µ²ÓÏµ¥ ¸Ìµ¤¸É¢µ ¸ É¥¸Éµ¢Ò³ ¶·¨³¥·µ³ ´  ·¨¸. 28 ¨ É ±¦¥
¶·µ¸²¥¤¨ÉÓ µ¶·¥¤¥²¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ Í¥´É·µ¢ £·Ê¶¶.

‘²¥¤ÊÉ µÉ³¥É¨ÉÓ, ÎÉµ ¢¨§Ê ²Ó´ Ö ±² ¸¸¨Ë¨± Í¨Ö ¸µ¡ÒÉ¨° ¸É· ¤ ¥É ¸Ê¡Ñ-
¥±É¨¢¨§³µ³. �¤´µ ¨ Éµ ¦¥ ¸µ¡ÒÉ¨¥ · §´Ò¥ ´ ¡²Õ¤ É¥²¨ ³µ£ÊÉ µÉ´¥¸É¨ ± ¸µ¡Ò-
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�¨¸. 29. • · ±É¥·¨¸É¨±¨ s-Î ¸É¨Í ¢ O + Em-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ 200 ƒÔ‚/´Ê±²µ´
¤²Ö g2- (¡, £, ¥, §) ¨ g4-¸¶¥±É·µ¢ (¢, ¤, ¦, ¨) ¶·¨ a = 0, 2 (£, ¤), a = 0, 4 (¥, ¦) ¨
a = 0, 6 (§, ¨)

É¨Ö³ ¸ µ¤´µ° ¨²¨ ¤¢Ê³Ö £·Ê¶¶ ³¨ Î ¸É¨Í. Š ¸Î ¸ÉÓÕ, ¸± ²µ£· ³³Ò ¸µ¡ÒÉ¨°
µ¡² ¤ ÕÉ µ¸µ¡¥´´µ¸ÉÖ³¨,  ¸¸µÍ¨¨·Ê¥³Ò³¨ ¸ ± ·É¨´µ° ¢¥°¢²¥É-±µÔËË¨Í¨¥´-
Éµ¢. Š ± Ê± § ´µ ¢ · ¡µÉ¥ [124], ¸± ²µ£· ³³Ò ¸µ¡ÒÉ¨° ¸ µ¤´µ° £·Ê¶¶µ° Î -
¸É¨Í ´¥ ¨³¥ÕÉ µ¸µ¡ÒÌ ÉµÎ¥± ¢ ¨´É¥·¢ ²¥ ³ ¸ÏÉ ¡µ¢ 0, 5÷ 1, 5. ‘± ²µ£· ³³Ò
¸µ¡ÒÉ¨° ¸ ¤¢Ê³Ö ¨²¨ É·¥³Ö £·Ê¶¶ ³¨ Î ¸É¨Í ¨³¥ÕÉ µ¸µ¡¥´´µ¸É¨ (ÉµÎ±¨ Ô±¸-
É·¥³Ê³µ¢ ¨²¨ ¶¥·¥£¨¡µ¢) ¢ Ê± § ´´µ³ ¨´É¥·¢ ²¥ ³ ¸ÏÉ ¡µ¢. �µ²µ¦¥´¨Ö µ¸µ-
¡ÒÌ ÉµÎ¥± ¸± ²µ£· ³³ µ¶·¥¤¥²ÖÕÉ Ì · ±É¥·´Ò¥ ³ ¸ÏÉ ¡Ò ¸µ¡ÒÉ¨Ö. —¨¸²µ
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�¨¸. 30. • · ±É¥·¨¸É¨±¨ µÉ¤¥²Ó´ÒÌ ¸µ¡ÒÉ¨° S + Em-¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ Ô´¥·£¨¨
200 ƒÔ‚/´Ê±²µ´ ¸ É·¥³Ö £·Ê¶¶ ³¨ Î ¸É¨Í: a, ¡) ¸µ¡ÒÉ¨¥ 42, Ns = 49; ¢, £) ¸µ¡ÒÉ¨¥
189, Ns = 77; ¤, e) ¸µ¡ÒÉ¨¥ 287, Ns = 33

³ ±¸¨³Ê³µ¢ ¢ ¸¶¥±É·¥ g2 ±µÔËË¨Í¨¥´Éµ¢ ´  ÔÉ¨Ì ³ ¸ÏÉ ¡ Ì ±µ··¥²¨·Ê¥É ¸
Î¨¸²µ³ £·Ê¶¶ Î ¸É¨Í, ÌµÉÖ µ ¶·¨·µ¤¥ ÔÉ¨Ì ±µ··¥²ÖÍ¨° ¢ · ¡µÉ¥ ´¥ £µ¢µ·¨É¸Ö.

’ ±¨³ µ¡· §µ³, ¢¥°¢²¥É-¶·¥µ¡· §µ¢ ´¨¥ ¶¸¥¢¤µ¡Ò¸É·µÉ´ÒÌ · ¸¶·¥¤¥²¥-
´¨° ¶µ§¢µ²Ö¥É £·Ê¶¶¨·µ¢ ÉÓ Î ¸É¨ÍÒ ¢ ¸µ¡ÒÉ¨Ö, ¶·¨Î¥³ ¤²Ö ¸µ¡ÒÉ¨°, ¸µ-
¤¥·¦ Ð¨Ì É ±¨¥ £·Ê¶¶Ò, ¸± ²µ£· ³³Ò ¨³¥ÕÉ µ¸µ¡Ò¥ ÉµÎ±¨ Å ÉµÎ±¨ Ô±¸-
É·¥³Ê³µ¢ ¨²¨ ¶¥·¥£¨¡µ¢. ˆÌ ¶µ²µ¦¥´¨Ö µ¶·¥¤¥²ÖÕÉ Ì · ±É¥·´Ò¥ ³ ¸ÏÉ ¡Ò
¸µ¡ÒÉ¨Ö. �¸µ¡Ò¥ ÉµÎ±¨ ¢¥°¢²¥É-±µÔËË¨Í¨¥´Éµ¢ ¶·¨ Ì · ±É¥·´ÒÌ ³ ¸ÏÉ ¡ Ì
±µ··¥²¨·ÊÕÉ ¸ Ì · ±É¥·¨¸É¨± ³¨ £·Ê¶¶ Î ¸É¨Í.

“± § ´´Ò¥ § ±µ´µ³¥·´µ¸É¨ ¶µ§¢µ²ÖÕÉ ¢Ò¤¥²ÖÉÓ ¸µ¡ÒÉ¨Ö ¸ ¤µ³¨´¨·ÊÕ-
Ð¨³ ·µ¦¤¥´¨¥³ Î ¸É¨Í ¢ µ¡² ¸É¨ Ë· £³¥´É Í¨¨ Ö¤· -³¨Ï¥´¨, ¢ Í¥´É· ²Ó´µ°
µ¡² ¸É¨ ¨²¨ ¢ µ¡² ¸É¨ Ë· £³¥´É Í¨¨ Ö¤· -¸´ ·Ö¤ . �·¨ Ô´¥·£¨¨ 200 ƒÔ‚/´Ê±-
²µ´ ¶·µ¨¸Ìµ¤¨É Î¥É±µ¥ · §¤¥²¥´¨¥ µ¡² ¸É¥° Ë· £³¥´É Í¨¨. �·¨ Ô´¥·£¨¨
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60 ƒÔ‚/´Ê±²µ´ ´ ¡²Õ¤ ¥É¸Ö ¸¨²Ó´µ¥ ¶¥·¥±·ÒÉ¨¥ µ¡² ¸É¨ Ë· £³¥´É Í¨¨ Ö¤· -
³¨Ï¥´¨ ¨ Í¥´É· ²Ó´µ° µ¡² ¸É¨.


¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¶·¥¤¸É ¢²¥´¨¥ µ É·¥Ì µ¡² ¸ÉÖÌ ±µ´Í¥´É· Í¨¨ ·µ-
¦¤¥´´ÒÌ Î ¸É¨Í Ê¦¥ µ¡µ¸´µ¢ ²µ¸Ó ¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ± ·É¨´¥ Ö¤·µ-Ö¤¥·-
´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ ´¥ ¡Ò²µ ¶·¥¤²µ¦¥´µ ´¨ µ¤´µ£µ
¨´¸É·Ê³¥´É ²Ó´µ£µ  ²£µ·¨É³¨Î¥¸±µ£µ ³¥Éµ¤  ¢Ò¤¥²¥´¨Ö µ¡² ¸É¥°, ¶µ±  ¶·¨-
³¥´¥´¨¥ ¢¥°¢²¥É- ´ ²¨§  ´¥ ¶µ§¢µ²¨²µ ÔÉµ ¸¤¥² ÉÓ.

‘µ£² ¸´µ µÍ¥´± ³ [124], ¢ S + Em-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ Ô´¥·£¨¨
200 ƒÔ‚/´Ê±²µ´ ¢ 42% ¸µ¡ÒÉ¨° ¨³¥¥É¸Ö µ¤´  £·Ê¶¶  Î ¸É¨Í, ¢ 29% Å ¤¢¥
£·Ê¶¶Ò Î ¸É¨Í, ¢ 10% ¸µ¡ÒÉ¨° Å É·¨ ¨ ¡µ²ÓÏ¥¥ Î¨¸²µ £·Ê¶¶. „µ²Ö ¨¸¸²¥¤µ-
¢ ´´ÒÌ ¸µ¡ÒÉ¨° (Ns ≥ 10) ¸µ¸É ¢²Ö¥É 82% µÉ ¶µ²´µ£µ Î¨¸²  ¸µ¡ÒÉ¨°.

‘ ¶µ³µÐÓÕ ¸¶¥Í¨ ²Ó´µ£µ ¶ ±¥É  ¶·µ£· ³³ WASP [90] ÔÉ¨ ¨¸¸²¥¤µ¢ ´¨Ö
¡Ò²¨ ¶·µ¤µ²¦¥´Ò [91]. �¡´ ·Ê¦¥´´Ò¥ ´¥·¥£Ê²Ö·´µ¸É¨ ¢ · ¸¶·¥¤¥²¥´¨ÖÌ
Ê§±¨Ì £·Ê¶¶ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ ³ ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ
± ± ´ ²¨Î¨¥ ¶·¥¨³ÊÐ¥¸É¢¥´´ÒÌ Ê£²µ¢ ¨¸¶Ê¸± ´¨Ö £·Ê¶¶ Î ¸É¨Í.

‡�Š‹;—…�ˆ…

‚ µ¡§µ·¥ ¶·µ¢¥¤¥´µ µ¡¸Ê¦¤¥´¨¥ É·¥Ì µ¸´µ¢´ÒÌ ³¥Éµ¤µ¢ µ¡· ¡µÉ±¨ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ,  ±É¨¢´µ ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¢ �¡Ñ-
¥¤¨´¥´´µ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°: ·µ¡ ¸É´ÒÌ ³¥Éµ¤µ¢ ³ É¥³ É¨Î¥-
¸±µ° ¸É É¨¸É¨±¨, ¨¸±Ê¸¸É¢¥´´ÒÌ ´¥°·µ´´ÒÌ ¸¥É¥° ¨ ±²¥ÉµÎ´ÒÌ  ¢Éµ³ Éµ¢ ¨
¢¥°¢²¥É- ´ ²¨§ . �¡§µ· ¸¤¥² ´, £² ¢´Ò³ µ¡· §µ³, ¶µ · ¡µÉ ³, ¢Ò¶µ²´¥´´Ò³
¸ ÊÎ ¸É¨¥³ ¸µÉ·Ê¤´¨±µ¢ ‹ ¡µ· Éµ·¨¨ ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨° �ˆŸˆ, ¢
Éµ³ Î¨¸²¥ ¨ ¢ · ³± Ì ³¥¦¤Ê´ ·µ¤´ÒÌ ±µ²² ¡µ· Í¨° ¸ ±·Ê¶´Ò³¨ Ë¨§¨Î¥¸-
±¨³¨ Í¥´É· ³¨: CERN, DESY, BNL ¨ ¤·. �¢Éµ·Ò ¶µ¸É · ²¨¸Ó ¤µ¸É ÉµÎ´µ
¶µ¤·µ¡´µ µ¸¢¥É¨ÉÓ µ¸´µ¢´Ò¥ ¶µ´ÖÉ¨Ö µ¡¸Ê¦¤ ¥³ÒÌ ³¥Éµ¤µ¢ ¨ ¶·¨¢¥¸É¨ ´ ¨-
¡µ²¥¥ ¶µ²¥§´Ò¥ ¨ ¶¥·¸¶¥±É¨¢´Ò¥ ¶·¨³¥·Ò ¨Ì ¶·¨³¥´¥´¨Ö.

‚ Î ¸É´µ¸É¨, ³´µ£µÎ¨¸²¥´´Ò¥ ¶·¨³¥·Ò Ê¸¶¥Ï´ÒÌ ¶·¨³¥´¥´¨° ·µ¡ ¸É´ÒÌ
¶µ¤Ìµ¤µ¢ ¢ ¸ ³ÒÌ · §´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ, · ¢´µ ± ± ¨ ¶µ¤Î¥·±-
´ÊÉµ¥ ¢ ±µ´Í¥ · §¤. 3 § ³¥Î É¥²Ó´µ¥ ¸µ¢¶ ¤¥´¨¥ ·µ¡ ¸É´µ£µ ¶µ¤Ìµ¤  ¨ ³µÐ´ÒÌ
³¥Éµ¤µ¢ Ô² ¸É¨Î´µ£µ É·¥±¨´£ , £µ¢µ·ÖÉ µ¡ ¨Ì ¤ ²Ó´¥°Ï¥° ¶¥·¸¶¥±É¨¢´µ¸É¨.

‚ · §¤¥²¥ µ ´¥°·µ´´ÒÌ ¸¥ÉÖÌ µÉ³¥Î¥´µ, ´ ¸±µ²Ó±µ ¨´É¥´¸¨¢´¥¥ ¨¸¶µ²Ó§Ê-
ÕÉ¸Ö ¢ ”‚� ³´µ£µ¸²µ°´Ò¥ ¶·Ö³µÉµÎ´Ò¥ ¸¥É¨ ¢ ¸· ¢´¥´¨¨ ¸ ¶µ²´µ¸¢Ö§´Ò³¨
¸¥ÉÖ³¨. ‚µ§³µ¦´µ, ¶·¨Î¨´µ° ÔÉµ£µ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶µ¸²¥¤´¨¥ É·¥¡ÊÕÉ ¡µ²Ó-
Ï¨Ì ¢·¥³¥´´ÒÌ § É· É ¨²¨ ¶ · ²²¥²Ó´µ°  ¶¶ · É´µ° ·¥ ²¨§ Í¨¨. ’¥³ ´¥
³¥´¥¥, ± ± ¶µ± §Ò¢ ¥É µ¤¨´ ¨§ ¶·¨³¥·µ¢ ¨Ì ¶·¨³¥´¥´¨Ö, ¨Ì ¶µÉ¥´Í¨ ² ³µ-
¦¥É ¡ÒÉÓ ¢µ¸É·¥¡µ¢ ´ ¢ · ³± Ì £¨¡·¨¤´ÒÌ ¸¨¸É¥³. ‘Éµ¨É µ¡· É¨ÉÓ ¢´¨³ ´¨¥
´  É ±¨¥ µ·¨£¨´ ²Ó´Ò¥ ¨ µ¡¥Ð ÕÐ¨¥ ¢¨¤Ò ˆ
‘, ± ± ®¸µ·¥¢´µ¢ É¥²Ó´Ò¥¯
RBF-¸¥É¨ ¨ Ê¶· ¢²Ö¥³Ò¥ ˆ
‘.
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fµ²ÓÏ¨¥ ¢µ§³µ¦´µ¸É¨ ¸Ê²¨É ¶·¨³¥´¥´¨¥ ¢¥°¢²¥É- ´ ²¨§ . �µ±  ¥Ð¥ ³ ²µ
µ¸¢µ¥´Ò ¤¢Ê³¥·´Ò¥ ¢¥°¢²¥ÉÒ, ¶·¨³¥´¥´¨¥ ±µÉµ·ÒÌ ³µ¦¥É ¤ ÉÓ ´µ¢µ¥ ± Î¥-
¸É¢µ ¤²Ö  ´ ²¨§  ¸²µ¦´ÒÌ ´¥Ö¢´ÒÌ § ¢¨¸¨³µ¸É¥°.

�¡¸Ê¦¤¥´¨¥ ¢µ¶·µ¸µ¢, ¢±²ÕÎ¥´´ÒÌ ¢ ¤ ´´Ò° µ¡§µ·, ¢Ò¶µ²´¥´µ ¸ · §´µ°
¸É¥¶¥´ÓÕ ¶µ¤·µ¡´µ¸É¨ ¢ ¸¨²Ê ± ± ´ ÊÎ´ÒÌ ¨´É¥·¥¸µ¢  ¢Éµ·µ¢, É ± ¨ µ£· ´¨-
Î¥´´µ¸É¨ µ¡Ñ¥³ .
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